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ELUCIDATION OF THE CATALYTIC PARTIAL OXIDATION OF METHANE 




Advisor: Professor Marco J. Castaldi 
The mechanism for the catalytic partial oxidation of methane has been 
debated in scientific literature for over 20 years. This is a seemingly simple reaction 
producing CO, CO2, H2 and H2O through either partial oxidation followed by 
complete oxidation or complete oxidation followed by reforming steps. What is 
happening when the reaction is allowed to occur in an environment absent of 
transport limitations, absent of temperature gradients and temperature changes, 
absent of boundary layers must be understood and, until now, has yet to be 
achieved in one experimental technique.  
A novel method using a one of a kind catalytic shock tube technique has been 
developed for heterogeneous reactions to address the issues and obtain intrinsic 
kinetic information by identifying and quantifying the products, reactants, and 
stable intermediates of reaction for extremely short reaction times in stagnant 
conditions. To approach this problem, multiple experiments were conducted at 
various reaction conditions to resolve this debate. Dilute reaction mixtures of 
stoichiometric, equal proportion and fuel rich methane and oxygen in the presence 




waves at temperatures ranging between 850-1600 K for reaction times of 2.1-6.4 ms. 
For each reaction condition, using both fixed and powder catalyst, the products, 
reactants, and stable intermediates were measured and analyzed. The results from 
these experiments concluded that the reaction pathway of the catalytic partial 
oxidation of methane proceeds through the complete oxidation of methane forming 
carbon dioxide and water as stable products initially, followed by slower steam and 
dry reforming steps that produce carbon monoxide and hydrogen. Understanding 
the fundamental reaction mechanism enables optimization of the catalytic partial 
oxidation of methane throughout all applications.  
To tie in this work to industrial catalytic partial oxidation processes, the 
catalytic partial oxidation of natural gas, gasoline and diesel was investigated using 
a flow through reactor at atmospheric and high pressure for a range of fuel rich 
equivalence ratios. This work used an Alloy Surface Company (ASC) proprietary 
metallic monolith catalyst that proved to have similar activity to other catalysts 
reported in literature. These experiments provided a thorough analysis of the olefin 
production as well as showed the effects of high pressure on the catalytic partial 
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Chapter 1: Introduction 
1.1. Motivation 
 Increasing energy demands coupled with a heightened awareness of human 
influence on the global climate system, particularly the production of greenhouse 
gases, has resulted in incentives to develop alternative sources of energy and 
chemicals to address energy demands in an environmentally responsible manner.1 
One direction that is evolving to satisfy the demand is to move toward 
renewable fuels. However, for the foreseeable future, it will be met through the 
increased usage of fossil fuels and in particular natural gas.  Furthermore, the DOE 
has identified catalysis for energy as one of the five grand challenges facing energy 
science in the future.   
Moreover, it has been suggested that the 21st century will belong to the rate 
constant, determined by a combination of microkinetic analysis, computational 
chemistry and surface science techniques.2 However, the rate equation still must be 
determined during the actual operating catalytic cycle to study realistic catalyst 
formulations on supports and substrates used in industry.  Only until rational 
design of catalysts becomes a reality the real, commercial catalyst must be tested 
and evaluated at exact operating conditions.   
One of the major uses of catalysts is to produce synthesis gas from various 
feedstocks, such as natural gas, to enable a plethora of chemical manufacturing 
processes. Synthesis gas (syngas) is a mixture of carbon monoxide (CO) and 





fuels. Syngas is produced through the steam reforming, partial oxidation or 
gasification of hydrocarbons. Steam methane reforming (SMR) is the most common 
method for syngas production generating product gas with CO/H2 ratio of 1:3. In 
comparison with all other syngas synthesis techniques SMR provides the highest 
production of H2, however it is an extremely endothermic reaction meaning it 
requires energy input to sustain.  
 𝐶𝐻! + 𝐻!𝑂 → 𝐶𝑂 + 3𝐻! (ΔH = +206 kJ/mol) Equation 1 
 
The catalytic partial oxidation (CPOX) of methane has proven to be a 
promising technology for syngas production yielding CO/H2 of 1:2, which is ideal for 
methanol and Fischer-Tropsch synthesis. Oxidation reactions are faster and 
exothermic, requiring much less energy than reforming reactions. However, if 
homogeneous oxidation reactions occurs upstream of the catalyst, it can result in 
flame development within the system, which cause catastrophic failure of the reactor 
system. Side reactions can also occur and induce carbon deposition on the surface of 
the catalyst (i.e. coking) deactivating the catalyst. For these reasons, CH4 CPOX 
must be completely understood to prevent side reactions and ensure safe and stable 




𝑂! → 𝐶𝑂 + 2𝐻!  (ΔH = -36 kJ/mol)1 Equation 2 
The CPOX of methane is a seemingly simple reaction producing CO, CO2, H2 
and H2O, however the kinetic mechanism has long been debated in literature. Some 





partial oxidation step followed by complete oxidation (direct partial oxidation 
mechanism), while others report the mechanism goes through a complete oxidation 
step followed by slower steam and dry reforming step (complete oxidation and 
reforming reactions mechanism).  Both simplified reaction pathways are shown 
below represented by Equation 1 through Equation 5. 
Direct Partial Oxidation Mechanism (DPO): 
Partial oxidation of methane 𝐶𝐻! +
1
2
𝑂! → 𝐶𝑂 + 2𝐻! Equation 2 
Complete oxidation of CO and H2 𝐶𝑂 + 𝐻! + 𝑂! → 𝐶𝑂! + 𝐻!𝑂 Equation 3 
 Complete Oxidation and Reforming Reactions Mechanism (CRR):  
Complete oxidation of methane 𝐶𝐻! + 2𝑂! → 𝐶𝑂! + 2𝐻!𝑂 Equation 4 
Steam reforming of methane 𝐶𝐻! + 𝐻!𝑂 → 𝐶𝑂 + 3𝐻! Equation 1 
Dry reforming of methane 𝐶𝑂! + 𝐶𝐻! → 2𝐶𝑂 + 2𝐻! Equation 5 
 It is important to understand the underpinnings of this reaction with respect 
to reaction pathway priority to successfully utilize the catalytic partial oxidation of 
methane as an improved method for syngas production. Both mechanisms have been 
thoroughly discussed experimentally and theoretically through the use of several 
techniques such as Temporal Analysis of Products (TAP) reactors24,26, Stagnation 
Point Flow reactors (SPFR)17,21,50 and detailed chemical kinetic models 
(DCKM)21,49,50, however there is no consensus regarding the reaction sequence 
governing the conversion of methane to syngas.  
This lack of clarity is not uncommon in the heterogeneous catalysis field 





generated. Initial diffusion of reactant molecules from the bulk to the surface of the 
catalyst occur, followed by diffusion through the pores of the catalyst and adsorption 
to active sites. After catalytic reaction the products desorb from the active sites and 
diffuse from the catalyst surface into the bulk fluid. This sequential process results 
in contradictory data between different research groups because there are currently 
no experimental methods that reveal the true intrinsic kinetic process in the 
catalytic cycle in one system. 
To gain this understanding, the entire catalytic cycle must be probed.  That is, 
reaction on the surface coupled with the release of product and intermediate species 
into the gas phase just above the surface must be monitored.  This is important 
because short-lived intermediates that are released from the surface may react and 
not be observed in the final product gases downstream of the reactor.  Pure surface 
probing and continuous flow systems do not capture this.  
It is also known that the catalyst surface is an ensemble of several kinds of 
structural arrangements that, on average, give rise to the performance.  It is 
therefore imperative that one measures the result of that aggregate performance and 
not a subset of those structures.  Many optical techniques have the limitation of 
being focused on a small section of the catalyst surface.  While this gives very 
important information on specific catalytic structural sites and is invaluable for 
modeling, it is not enough.  The complete control of the temperature and pressure of 
the reaction conditions over a very well defined narrow time intervals will enable a 





and pressures.  The precise control of the test time can critically analyze the 
progression of the reaction resulting in a clear picture of the evolution of reactant, 
intermediate and product species both on and in the vicinity of the surface. 
This type of experimental technique is achievable using an apparatus unique 
to this work that has been specifically developed to probe kinetic activity in the 






1.2. Catalytic Shock Tube Technique Introduction 
A novel method using a one of a kind catalytic shock tube technique has been 
developed for heterogeneous reactions to address issues associated with current 
experimental systems.  This new technique obtains intrinsic kinetic information by 
identifying and quantifying the products, reactants, and stable intermediates of 
reaction for extremely short reaction times in stagnant conditions. Shock tubes have 
been used extensively to develop reaction kinetics for homogeneous reactions. 
However, until now, shock tubes have not been utilized to understand heterogeneous 
catalytic reactions.  
Shock tubes used for studying reaction kinetics utilize a high-pressure shock 
wave and low-pressure rarefaction wave to start and stop a chemical reaction much 
like a step function. The reaction conditions i.e. temperature, pressure and reaction 
time can be finely tuned independent of one another. Also, the shock tube allows the 
reaction to occur in reaction conditions free from transport effects, which is integral 
for understanding heterogeneous reactions intrinsically.  
The catalytic shock tube technique has been applied to address the 
mechanistic uncertainty with the catalytic partial oxidation of methane.  To 
approach this problem, multiple experiments were conducted at various reaction 
conditions to resolve the current debate regarding the mechanistic understanding of 







1.3. Thesis aim and organization 
The first part of this thesis will discuss the existing work investigating the 
mechanistic pathway of CH4 CPOX and the problems with the experimental 
techniques discussed in Chapter 2. This literature review indicates that often the 
discrepancies with the reaction mechanism of CH4 CPOX are due to boundary layers, 
temperature gradients and transport limitations that are alleviated using the 
catalytic shock tube technique.    
In Chapter 3 the catalytic shock tube is described in full detail along with the 
benefits of using this technique over conventional systems to obtain intrinsic kinetic 
insights for heterogeneous reactions. The catalyst and test gas preparation as well as 
experimental test matrix are also detailed in this chapter. 
The efficacy of the catalytic shock tube is demonstrated through numerous 
experiments detailed in Chapter 4. Dilute reaction mixtures of methane and oxygen 
in the presence of a commercial platinum catalyst were reacted in in a shock tube 
using two different configurations – single reflection or single expansion mode. 
Experiments were also performed using either a fixed or powder catalyst with 
homogeneous tests conducted at the same conditions to establish a baseline for 
comparisons. For each reaction condition, the products, reactants, and stable 
intermediates were measured using gas chromatography. The products of reaction 
dictate the preferred mechanism for this catalytic reaction. This chapter also 





The second part of this thesis will link the information derived from the 
catalytic shock tube experiments to more industrial systems i.e. the CPOX of natural 
gas, gasoline and diesel using a flow through reactor setup. The literature review in 
Chapter 5 demonstrates how existing research that has been done on these systems 
is limited in product analysis, the pressure range tested and real fuels used.  The 
goal is to demonstrate that the results of the catalytic shock tube can be correlated to 
industrial flow-through systems.  The natural gas tests are the direct link with the 
current findings of the shock tube results.  The liquid fuel tests were done to 
establish data that can be used as a guide for future shock tube testing with those 
fuels to obtain a better understanding of the kinetics. The flow-through reactor was 
built with the capabilities of oxidizing both liquid and gas reactants over a 
proprietary commercial catalyst designed for high syngas production during these 
reactions as discussed in Chapter 6. A wide variety of fuel rich test gas mixtures 
were studied at atmospheric and high-pressure conditions. Each test was performed 
with simultaneous product gas analysis and the oxidation reactions were self-
sustaining.  
Chapter 7 summarizes the main findings from this work and provides 






Chapter 2: Literature review: Catalytic partial oxidation of 
methane debate 
There is an ongoing debate in literature over the proper reaction pathway 
taken during CH4 CPOX that emerges from using a variety of reactors, catalysts and 
reaction conditions during experimentation. Transport effects, temperature 
gradients and boundary layers vary depending on the experimental technique being 
used, leading to inconsistencies within the experimental results. Simulations 
typically develop from experimental data causing these results to also reach different 
conclusions based on the reaction mechanisms assumed for the model.  
The work by Prettre et al. in 19463 is identified in many literature reviews4,5 
as the first study attempting to elucidate the reaction mechanism of CH4 CPOX. 
These experiments reacted CH4 and O2 at a ratio of 2:1 over a Ni catalyst. The 
temperature profile within the catalyst bed was monitored. Relatively hotter 
temperatures were measured at the upstream portion of the catalyst, compared to 
further downstream indicating exothermic reactions were occurring. A decrease in 
temperature downstream in the catalyst bed suggested endothermic reaction 
followed the initial exothermic reaction. Through this observation it was concluded 
that CH4 combustion was occurring initially in the catalyst followed by reforming 
reactions downstream (the CRR mechanism- Equation 4, Equation 1 and Equation 
5).  
These findings were supported through similar studies conducted by 
researchers such as Gavalas et al. (1984)6, Vernon et al. (1990)7, Blanks et al. 





catalyst formulations, CH4:O2 ratios and reaction conditions. Degroote and Froment 
(1996)11 created a simulation for CH4 CPOX over Ni catalyst based on these studies 
verifying the reaction mechanism proceeds through complete oxidation first. The 
simulation model included complete combustion of CH4, steam and dry reforming of 
CH4, the water-gas shift reaction, methane cracking, the Boudouard reaction for 
carbon deposition and steam and oxygen gasification of carbon. This model also 
considered the change in oxidation state of the Ni catalyst found experimentally by 
Dissanayake et al. (1991)9. These experiments showed three different kinetic regions 
within the catalyst bed each pertaining to a shift towards a more reduced state. The 
initial catalyst region comprised of NiAl2O4 and showed moderate selectivity for CH4 
combustion. Downstream the catalyst was reduced to NiO/Al2O3, which resulted in 
high CH4 combustion activity. The O2 consumption through combustion led to 
complete reduction of the catalyst to Ni/Al2O3 that promoted steam reforming 
producing CO and H2. This demonstrates that the oxidation state of the catalyst also 
affects the observed reaction mechanism and can change dramatically based on the 
surrounding products and reactants.  
Ni catalysts were not the only catalyst formulation giving these results. 
Machokcki et al. (2009)12 studied CH4 CPOX over Pt/Al2O3 and Pd/Al2O3 catalysts 
using steady state isotopic transient kinetic analysis (SSITKA). The results during 
Pt/Al2O3 tests showed a dynamic shift in CH4 conversion, or catalyst activity, 
between 570-615°C indicating an oxidation state change. As mentioned, the 





the decrease in CH4 conversion at 570°C was caused by a decrease in surface oxygen 
and therefore a reduction of the Pt catalyst. CH4 oxidation over Pt/Al2O3 was found 
to be optimized when the catalyst surface was partially covered by surface oxygen.13 
However, the preferred catalyst oxidation state for CH4 decomposition is metallic Pt, 
which indicated that the catalyst was completely reduced 605°C where the CH4 
conversion begins to increase. Figure 1 shows this behavior and that the CH4 
conversion over Pd catalysts does not have this effect. This is because Pt and Pd 
have different surface reaction mechanisms for CH4 decomposition (homolytic versus 
heterolytic, respectively). Not only does this show that oxidation state impacts the 






Figure 1: Methane conversion during oxidation experiments using Pt and Pd catalysts (IE = ion 
exchange, IWI = incipient wetness impregnation) studied by Machokcki et al. (2009).12 
This work did not discernibly discuss the proposed reaction mechanism based 
on the results for CH4 oxidation, however other experimental research using a 
variety of catalysts has claimed the CRR mechanism was occurring. Spanning the 
years of 1990-1992 Ashcroft et al.14, Vernon et al.7 and Poirier et al.15 investigated 
CH4 CPOX over Ru catalysts and the results concluded that CH4 CPOX proceeds 
through complete oxidation of CH4 first. This was also confirmed by Trimm and Lam 
(1980)16 using  Pt/Al2O3 catalysts. The results were used to develop reaction rates 
that were then adapted to fit the experimental data from other studies such as Song 
et al. (1990)17 and Dupont et al. (2000)18. The rate law developed by these studies is 







 𝑟 𝑚𝑜𝑙 𝑐𝑚!𝑠 = 1.3𝑥10
!!𝑒
!!".! 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙
!"[𝐶𝐻!][𝑂!]!.! Equation 6 
 As shown, the reaction rate has a first order dependence on the concentration 
of CH4, indicating that the consumption of CH4 is effected more by the initial CH4 
concentration rather than O2. Other developed rate laws also place the greatest 
dependency of the reaction rate on CH4 concentration and some assume no 
dependence on O2 concentration. For example, Kolaczkowski and Serbetcioglu 
(1996)19 assume that surface O2 is available in excess and therefore does not impact 
the reaction rate of CH4 oxidation over Pd/Al2O3 monolith catalyst giving the rate 
expression described by Equation 7.   
 𝑟 = 2.84𝑥10!𝑒!!"!,!!! !"[𝐶𝐻!]!.!" Equation 7 
Similarly, Wei and Iglesia (2005)20 reported that CH4 decomposition was the 
most kinetically important step of CH4 reforming over 7 wt% NiMgO catalyst as well 
as for CH4 catalytic oxidation. Equation 8 describes the CH4 decomposition that was 
developed through this work. 
 𝑟 = 1.6𝑥10!𝑒
!!!   𝑘𝐽 𝑚𝑜𝑙
!"𝑃!"! Equation 8 
Simulations have also been established describing the reaction of CH4 and O2 
over a variety of catalysts. Bui et al. (1997)21 developed a reaction model for 
comparison with their results from CPOX of CH4 experiments over Pt catalysts using 
a stagnation point flow reactor (SPFR).  During SPFR experiments, the reactant 
gases flow perpendicular to a flat, heated surface that is catalyzed in this case. Using 





effects from the reactions. The experimental results showed CO2 and H2O as primary 
products. The model was created using gas-phase reactions from Vlachos et al. 
(1994)22, surface reactions from Hickman and Schmidt (1993)23 and multi-component 
transport. This is interesting because the work by Hickman and Schmidt studying 
CH4 CPOX over Rh and Pt catalysts was one of the earliest to disproved the CRR 
mechanism. In fact, they proposed a direct partial oxidation (DPO) mechanism 
where CO and H2 are primary products that can be further oxidized to form CO2 and 
H2O.  
Many manuscripts following the hypothesis of the DPO mechanism 
maintained it as the proper reaction pathway for CH4 CPOX such as Mallens et al. 
(1995)24 investigating CH4 CPOX over Pt sponges using a TAP reactor, Choudhary et 
al. (1992, 1993)25 investigating Ni catalysts at short residence times (7 ms) and Fathi 
et al. (2000)26 showing that limiting the O2 concentration promoted the DPO 
mechanism, again using a TAP reactor. The TAP reactor applies pulses of reactants 
into an evacuated chamber containing the catalyst. This technique allows the 
catalyst surface to reach reacting temperatures prior to reaction, however it is 
reliant on diffusion of the reactants to the catalyst surface for reaction. 
The CH4 CPOX reaction mechanism debate has continued over the last two 
decades with the most recent work on the published in 2014 and 2015. Horn and 
Schlogl (2014)27 claimed that spatial measurements through Pt/Al2O3 and Rh/Al2O3 
foam catalysts prove CO and H2 are formed at the entrance of the catalyst 





Conversely, Baier et al. (2015)28 measured CO2 and H2O as initial products of 
CH4 CPOX over Pt/Al2O3 powder catalyst. This work was performed using a micro 
reactor with in-situ capabilities that combine synchrotron techniques (XAS and 
XRD) with IR thermography, Raman spectroscopy and in-line product analysis of H2 
and O2 using mass spectrometry. The results from these experiments showed 
dynamic oxidation/reduction of the Pt/Al2O3 during reaction as temperature was 
altered. Increased temperature cause Pt reduction and a shift of hot spots, signifying 
exothermic reaction, towards the inlet of the catalyst bed. Cooling the reactor 
initiated reoxidation of the Pt. It is important to recognize that this experimental 
technique aimed to alleviate one of the heat transfer concerns with using flow 
through reactors for reaction kinetic investigation. The micro reactor has more 
accurate temperature control and is capable of heating and cooling relatively rapidly, 
however there are still temperature gradients observed within the catalyst bed. Also, 
the micro reactor still includes mass and momentum transfer.  
Each of the experimental methods described in this chapter utilized different 
techniques with the purpose of elucidating useful reaction kinetic data. However, 
each technique includes some dependence on heat and/or mass transport and 
therefore the results cannot be considered intrinsic. Rajadhyaksha and Doraiswamy 
(2006)29 consider any experimentally derived kinetics to be falsified by transport and 





The debate in literature over the true reaction mechanism for CH4 CPOX can 
only be solved using an experimental technique that is free from heat and mass 







Chapter 3: Experimental methodology 
 
In the early 1960s, R. J. Kelly at the University of Natal published one of the 
first papers on chemical kinetic studies using a shock tube.32 Although no results 
were discussed, this manuscript outlined the theory and equipment for the use of the 
shock tube. Kelly also mentioned the potential for using a shock tube to study 
catalytic reaction kinetics by laying powder catalyst within the reaction region. It 
should be noted that this literature reference was not discovered until after the 
catalytic shock tube technique was already developed by the Combustion and 
Catalysis Laboratory.  
This chapter will discuss how the Combustion and Catalysis Laboratory group 
developed the catalytic shock tube, which is now available in two laboratories and 
can accommodate both fixed and powdered catalysts. 
3.1. Catalytic shock tube technique 
A high-pressure single-pulse shock tube operating in “single-reflection mode” 
in the High Pressure Shock Tube (HPST) Laboratory at the University of Illinois at 
Chicago (UIC) was used for this work. This shock tube has been used extensively to 
generate homogeneous reaction kinetics for a wide range of fuels.55,56,57,58 For 
catalytic experiments the shock tube was modified to incorporate a catalyst into the 
reaction region. This section will describe the operation of this specific type of shock 
tube using nomenclature and conventions that follow standard shock tube theory. 
Previous experiments conducted in 2007 by Hope Connoly at ATK/GASL33 utilized a 





Simply, both shock tubes have a reaction region where a shock wave causes an 
instantaneous increase in temperature and pressure initiating the reaction. The 
incident shock wave induces reacting conditions in the single-expansion mode, while 
the reflected shock wave causes these conditions in the single-reflection mode. The 
reaction is quenched by a low-pressure rarefaction wave, freezing the products in 
time. Gas samples were collected directly from the reaction regions post-reaction and 
analyzed. During catalytic tests, a catalyst was installed within the reaction region 
of the shock tubes. Figure 2 shows a schematic of both shock tubes modified for 
catalytic reactions. 
 
Figure 2: Schematic of the catalytic shock tubes in single-expansion and single-reflection mode 
showing the locations of the reaction regions. 
3.1.1. Shock tube theory 
A shock tube is a large cylindrical vessel comprised of a high-pressure, driver 
























prescribed pressure differential.  That burst enables the high-pressure driver gas to 
impact the driven gas, similar to a piston, generating a shock wave that propagates 
through the driven section. The temperature and pressure increase behind the shock 
wave as it progresses through the driven section. When the shock wave impacts the 
end-wall of the tube, it is reflected resulting in an instantaneous rise in temperature 
and pressure. The temperature and pressure rise when the shock wave is reflected is 
utilized to initiate a chemical reaction during kinetic studies. The reaction is 




Figure 3: Incident shock wave (dark) and contact surface (light) moving through stagnant gas 
towards end-wall (top). Shock wave reflected off end-wall (bottom). 
 
A moving shock wave is described by the mass (Equation 9), momentum 
(Equation 10) and energy (Equation 11) equations34. The subscript of 1 denotes the 
density (ρ), pressure (p), velocity (u) and enthalpy (h) of the gases upstream of the 





 𝜌!𝑢! = 𝜌!𝑢!  Equation 9 
 𝑝! + 𝜌!𝑢!! = 𝑝! + 𝜌!𝑢!! Equation 10 
 ℎ! +
𝑢!!




        
The shock wave moves through the driven gas at a speed of W and the contact 
surface, or driven and driver gas interface, follows at a speed of up (Figure 3). 
Equation 9 through Equation 11 are rewritten with these upstream and downstream 
velocities in Equation 12 through Equation 14.  
 𝜌!𝑊 = 𝜌!(𝑊 − 𝑢!)   Equation 12 
 𝑝! + 𝜌!𝑊! = 𝑝! + 𝜌! 𝑊 − 𝑢!
!
 Equation 13 
 ℎ! +
𝑊!






Once the shock wave reaches the end-wall, it is reflected. Similarly, the 
reflected shock wave moves in the opposite direction of the incident shock wave with 
a speed of WR and is described by  through  (Figure 3).34 
 𝜌! 𝑊! + 𝑢! = 𝜌!𝑊!   Equation 15 
 𝑝! + 𝜌!(𝑊! + 𝑢!)! = 𝑝! + 𝜌!𝑊!! Equation 16 
 ℎ! +
(𝑊! + 𝑢!)!





As demonstrated by these equations, the reflected and incident shock speeds 





dictate the pressure and temperature increase (p5, T5) within the stagnant reaction 
region. 
3.1.2. Pressure measurements  
Considering the sequence of events from the time when the diaphragm bursts, 
the incident shock wave propagates through the driven section with a speed of W.  
Simultaneously, the low-pressure rarefaction wave travels in the opposite direction 
of the incident shock wave toward the back-wall of the driver section of the tube. The 
rarefaction wave is reflected off the back wall and travels in the same direction as 
the incident shock wave.  The contact surface follows the incident shock wave at a 
slower speed (up). The incident shock reaches the end-wall and is reflected with a 
speed of WR developing a stagnation condition where the flow velocity is zero 
between the end-wall and reflected shock wave (Figure 3). The contact surface, 
rarefaction wave and reflected shock wave eventually collide resulting in an rapid 
and significant temperature and pressure decrease.34 
The shock tube used for this work was equipped with seven pressure 
transducers that record the pressure at the end-wall and upstream of the end-wall. 
The pressure measurements were utilized to measure incident shock speed, which 
was used to calculate reaction temperature, reaction pressure and reaction time. 
Figure 4 shows the orientation of the seven pressure transducers (P1, P2, P3, P4, P5, 
P6, Pew) and a representative pressure trace measured during a shock. As shown, 





measured the pressure near the end-wall. Transducer P6 was set 20 mm upstream 








Figure 4: The locations of each pressure transducer along with the pressure traces at each transducer 
during a shock experiment (upper). The lower graph shows the pressure trace at the end-wall 
(Pew) and upstream of the end-wall (P4) as well as the location of the incident shock wave as 
































































In Figure 4 two of the pressure transducers were isolated for further 
discussion. Transducers Pew and P4 are depicted to show the pressure trace at the 
end-wall and 160 mm upstream of the end-wall, respectively. The end-wall trace 
shows one instantaneous spike in pressure to 55 psig after 1.4 ms indicating the 
moment that the shock wave reflected off the end-wall, while the offset pressure 
transducer shows an increase to 16 psig at 1.2 ms then 55 psig at 1.8 ms due to the 
passing of the incident and then reflected wave.  
The incident shock wave moves through the driven section causing an initial 





2𝛾𝑀!! − (𝛾 − 1)
𝛾 + 1  Equation 18 
P2 is dependent on the Mach number (Ms), described by Equation 19, which is 
the speed of the shock relative to the speed of sound of the driven section (a1), and 









 Equation 19 
The speed of sound for a gas is found using 𝑎 = 𝛾 !"
ℳ
 where ℳ is the 
molecular weight of the gas. Therefore by adjusting the molecular weight of the gas 
mixture, the speed of sound can be fine tuned to obtain a desired shock speed.  
The shock wave is then reflected off the end-wall causing a drastic increase in 





pressure. The pressure increase, described by Equation 20, is the reaction pressure 





2𝛾𝑀!! − (𝛾 − 1)
𝛾 + 1
3𝛾 − 1 𝑀!! − 2(𝛾 − 1)
𝛾 − 1 𝑀!! + 2
 Equation 20 
The speed of the reflected shock (WR) wave is governed by the incident shock speed 












 Equation 21 
The rarefaction wave is more complex to model due to its expansive nature and 
multiple reflections as shown in .  However each point in the expansion fan can be 
described by Equation 22, which is similar to the development of the velocities for 
the incident and reflected shock waves.34 
 𝑢 =
2
𝛾 + 1 𝑎! +
𝑥
𝑡  Equation 22 
 shows, starting from the left-hand-side, the driver section back-wall (i.e. the 
upstream end of the shock tube) as the primary abscissa.  The ordinate is distance, x, 







Figure 5: The rarefaction wave expanding through the driven section and reflecting off the back-
wall.34 
As mentioned above, these pressure measurements are imperative for 
determining the reaction time and pressure. The pressure traces are also used to 
calculate the reaction temperature. Temperature probes cannot be used to measure 
the temperature during an experiment due to the reaction time being faster than the 
response time of the probe, and therefore pressure is used. The following section 
describes the calibrations performed to determine reaction temperature.  
3.1.3. Temperature calibrations  
Both increases in pressure due to the development of the incident shock wave 
and the shock wave reflection coincide with temperature increases to T2 and T5. 
















pressure and temperature (P1, T1), incident shock wave Mach number (M1) and 





1+ 𝛾 − 1𝛾 + 1
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2 𝛾 − 1)𝑀!! − (3− 𝛾 (3𝛾 − 1)𝑀!! − 2(𝛾 − 1)
𝛾 + 1 !𝑀!!
 Equation 24 
T5 is the ideal reaction temperature and γ is the specific heat capacity, which 
is 1.667.35 Equation 24 then becomes: 
 𝑇! = 𝑇!
1.334𝑀!! + 1.333 4𝑀!! − 1.334
7.1128𝑀!!
 Equation 25 
Instead of relying on these ideal temperature calculations, chemical 
calibrations were performed in the UIC shock tube to determine the reaction 
temperature as a function of shock speed. Two different molecules with well-defined 
thermal decomposition profiles provided a relationship between the shock wave 
velocity and the reaction temperature (T5).36,59,60  For temperature ranges between 
1000 and 1100 K, the isomerization of cyclopropanecarbonitrile (CPCN) was used to 
develop the calibration and for temperatures between 1050 and 1350 K the 
decomposition of 1,1,1-trifluoroethane (TFE) was used. The temperature was 
calculated based on the extent of decomposition measured using Equation 26, where 
the Arrhenius parameters are well known for both CPCN and TFE. From Figure 6 it 
can be seen that the calibrated temperature is closely correlated with the ideal 









𝐴𝑡  Equation 26 
  
Figure 6: Temperature calibration from thermal decomposing CPCN and TFE molecules.36,59,60  
The linear calibration fit is as follows.  
 𝑇 𝐾 = 2.3185𝑊 𝑚 𝑠 − 457.81 Equation 27 
This temperature calibration was used to determine the reaction temperature 
of each experiment based on incident shock speed. As shown in Figure 6, the ideal 
and calibration temperatures are both 1065 K at an incident shock wave speed of 
657 m/s. However, there are greater discrepancies in temperature at faster shock 
speeds. For example, a shock speed of 700 m/s gives reaction temperatures of 1165 







3.1.4. Catalytic shock tube technique set-up  
As mentioned above, two different shock tubes were modified to incorporate a 
catalyst into the reaction region, however the focus of this work will involve the 
high-pressure single-pulse shock tube in the HPST Lab at UIC that was used.  
The shock tube is comprised of a driver section, driven section and dump tank. 
The driver and driven section are separated by two mylar diaphragms of varying 
thicknesses. Using a diaphragm on either side of a buffer region allows for more 
precise control over the desired shock conditions. The dump tank provides an extra 
low-pressure volume preventing the shock wave from continual reflection throughout 
the shock tube, hence the single-reflection mode.  
The dimensions of the shock tube, shown in Figure 7, are important as they 
dictate the timing events of each experiment. The length of both the driver and 
driven section can be altered to reach a wide variety of reaction times, however this 
aspect was not needed for the experiments in this work. 
1219 mm 4420 mm 
65.3 mm 101.6 mm 
Driven section 
Driver section 





The shock tube was equipped with an automated fast acting valve that led to 
the sample port of the gas chromatograph (GC) used to analyze the product gases. 
The GC set-up is discussed in the appendix (pg. 147) 
Prior to each experiment, fresh diaphragms were installed into the shock tube. 
The driver, driven and dump tank were then evacuated to a pressure below 100 
mtorr, flushed with Argon and re-evacuated. The sample port of the GC was also 
flushed with helium and pumped down to vacuum. The driven section was charged 
with reactant mixture and the dump tank was filled with inert gas to a matching 
pressure. The driver section and buffer section were filled with a mixture of helium 
and argon tailored based on the desired reaction time. LabView software was used to 
record the signals transmitted from the pressure transducer during experimentation 
and to prompt the fast acting valve post reaction for gas sampling.  
An experiment starts with the bursting of the diaphragms, which triggers 
signal recording via the pressure transducers. After the reaction is quenched, the 
gases are sampled by opening the valve and analyzed with the GC.  
The same procedure was used during catalytic tests, however with the added 
installation of a catalyst at the end-wall of the driven section and cleaning of the 
shock tube during tests using powder catalyst. This step required the removal of the 
end-wall plate prior to set-up for each test. The fixed catalyst was sized such that it 
encompassed the entire cross section of the shock tube and was secured near the 
end-wall. The powder catalyst was laid on the base of the shock tube near the end-





and a non-catalytic experiment was performed to ensure complete removal of the 






3.2. Catalyst formation and preparation 
Catalytic reactions are entirely dependent on the surface characterization of 
the catalyst. The surface area, porosity, and oxidative states all impact the reactions 
occurring at each active site. These catalyst qualities are also influenced by the 
reactions happening over time. This could be due to coking, sintering and/or 
poisoning that deactivate that catalyst by affecting the active sites. Because of the 
uniqueness of each active site, the surface reactions must be observed globally in 
order to understand the overall kinetics of catalytic reactions. 
For these experiments, a simple precious metal catalyst and a commercial 
catalyst were chosen. A variety of catalysts such as nickel, palladium, rhodium and 
platinum based catalysts have been studied for CH4 CPOX and all proved to be 
effective. Platinum was the catalyst chosen for this work as it is a durable catalyst 
that is often used in commercial catalysts.  
Two formulations of platinum catalyst were synthesized and tested for this 
work. One catalyst was doped with lanthanum to promote reaction while the other 
had no doping. Catalyst doping is common in industrial catalysts to increase 
efficiency and elongate the lifespan of the catalyst. Both catalysts were tested as 
fixed and mobile catalysts within the shock tube. Incipient impregnation was used to 
synthesize the mobile catalyst, while a wash-coat was applied to the short contact 







3.2.1. 5wt% Pt on γ-Al2O3 mobile and fixed catalysts 
The 5 wt% Pt on γ-Al2O3 catalysts that were tested had no metal doping. The 
fixed catalyst was made by wash-coating a catalytic slurry of 5 wt% Pt and γ-Al2O3 
over the fixed support. Short contact time (SCT) stainless steel mesh with 90% open 
area was pretreated in an oven for 1 hour at 950 °C to develop a passivation layer. 
The passivation layer is important in the adherence and durability of the catalytic 
wash-coat to the support material. A catalytic slurry was made by mixing BASF’s 
proprietary Pt A-salt solution (18.21 wt% Pt) with γ-Al2O3 and water to reach the 
desired catalyst loading. The slurry was then churned in a ball mill to guarantee 
complete incorporation of the components and wash-coated on the pretreated SCT 
elements. The wash-coated SCT was dried for 1 hr at 110 °C to evaporate any 
volatile components of the solution and calcined for 2 hours at 700 °C to deposit the 
metal onto the support.  
The powder catalyst was synthesized using incipient wetness impregnation. 
The volume of solution added matches that of the full saturation of γ-Al2O3, in other 
words, all of the Al2O3 pores are completely filled with solution. Pt was integrated 
into γ- Al2O3 to the desired loading of 5 wt% using a Pt solution. For example, the 
impregnation of 5 g of γ- Al2O3 with an incipient wetness of 0.7 mL/g requires the 
addition of 3.5 mL of solution. To get a catalyst loading of 5 wt% Pt, 1.108 mL of Pt 
solution (18.21 wt% Pt solution) must be used. Therefore, the solution must be 
diluted with 2.397 mL of water to achieve the volume required to fill the pores. The 






3.2.2. La-doped Pt fixed and mobile catalysts 
Catalyst doping is a practical application for increasing the catalyst durability 
and selectivity. Lanthanum is a proven promoter used in commercial catalysts. It 
has been shown to prevent sintering, decrease surface carbon and increase stability 
of catalysts12. These effects can increase the efficiency and selectivity of the catalyst. 
The La-doped catalysts were comprised of 1.2 wt% Pt doped with La on γ- Al2O3 and 
had a measured dispersion of 45% (exposed Pt/total Pt). The catalyzed SCTs of this 
formulation were developed and synthesized in 2007 by the Combustion and 
Catalysis Laboratory group using a similar procedure as described above. The SCT 
was pretreated to form a passivation layer for optimal wash-coat adherence. The 
wash-coat was applied, dried and calcined resulting in a 7 micron thick wash-coat 
layer.  
The La-doped powder catalyst was harvested from the wash-coat of unused 
catalyzed SCTs. This ensured that the catalyst formulation was identical between 
the fixed and mobile catalysts being tested. 
3.2.3. Diffusion and lumped capacitance calculations 
To ensure that there were no external or pore diffusion limitations in this 
system, the Weisz-Prater and Mears' criterion were calculated. The Weisz-Prater 
(WP) criterion (Equation 28) indicates whether internal or pore diffusion limitations 
are present through the catalyst wash-coat under the reaction conditions26,27. In 
order to meet the WP criterion, the diffusion of the reactants at the surface must be 
faster than the consumption of the reactants within the catalyst pores. That is, the 





that the consumption of reactant is small relative to the diffusion. The bulk diffusion 
limitations are characterized by the Mears’ criterion (Equation 29), where similarly 
to the WP, the consumption of the reactants is much smaller than the diffusion from 
the bulk gas.37,38 
 −𝑟!𝜌!𝑅!
𝐷!𝐶!"




= 0.0145 Equation 29 
 The reaction rate (-rA) used for these calculations was developed 
experimentally and the values chosen for the catalyst density (ρc), wash-coat 
thickness (R), moles of reactant (n), mass transfer coefficient (kc) and bulk reactant 
concentration (CAb) are shown in Table 1 were based on measurement.  
Table 1: Values used for calculating the Weisz-Prater and Mears criterion based on the experimental 
conditions of this work. 
-rA 
(mol/sg) 












0.026 600 7x10-6 1.3x10-4 6.23x10-2 9.54x10-6 4.42x10-7 
 
The effective diffusivity (De) was calculated using Knudsen diffusion 
(Equation 30)27.  Knudsen diffusion is important in dilute systems as it is more likely 
for a reactant molecule to collide with the walls of the catalyst pores rather than 
with other bulk molecules. The effective diffusivity is dependent on the porosity (ϕp), 
constriction (σc) and tortuosity (τ) factors of the catalyst. Typical values found in 





By definition of catalyst porosity, 40 vol% of the catalyst is comprised of void space. 
The constriction describes the variation in pore diameter while the tortuosity 
portrays the nonlinearities of the pores. The diffusion coefficient for this gas mixture 













For the experiments performed, the calculated WP criterion (Equation 28) is 
nearly two orders of magnitude below the critical value of 1.0 and the Mears’ 
criterion (Equation 29) was determined to be nearly one order of magnitude below 
the critical threshold of 0.15. This indicates that the catalytic reactions occurring 
during the experiments are not bulk or pore diffusion limited.  
A calculation based on the developed diffusion coefficient determined that it 
would take the reactant gas 9.4 minutes to completely diffuse to the catalyst surface, 
therefore a minimum of 10 minutes diffusion time prior to reaction was allotted 
between charging the driven section and firing the shock. 
Another important element of the catalytic shock tube technique is the 
assurance that the catalyst surface, whether it be the SCT or powder catalyst, heats 
rapidly enough to ensure no influence with the reaction. The lumped capacitance 
method shown by Equation 31 was utilized to calculate the time required to heat the 





heat transfer through the solid and the change in internal energy due to the 
temperature change, respectively.41  
 𝜌𝑐!𝑉
𝑑𝑇
𝑑𝑡 = −ℎ𝐴! 𝑇 − 𝑇!  Equation 31 








 For this calculation, the density (ρ), specific heat capacity (Cp), and heat 
transfer coefficient (h) were for platinum solid was obtained from the CRC handbook. 
Table 3.2 displays the values used in Equation 32. 
Table 2: Values used to calculate the time to heat the catalyst to the reaction temperature. 
 ρ (kg/m3) Cp (J/kgK) D (m) h (W/m2K) k (W/mK) 
Platinum 21,450 125.604 7x10-6 2.08x107 72.7 
 
The heat transfer coefficient was found by using ℎ = !"  !
!
 where there Nusselt 
number, represented by Equation 33, is a value of 2 for stagnant conditions and the 
conductive heat transfer coefficient is shown in Table 2.41  
 𝑁𝑢 = 2+ 0.6𝑅𝑒! !𝑃𝑟! ! = 2 Equation 33 
It was estimated that the amount of time it took for the catalyst to reach at 
temperature of 99% of the gas temperature (chosen at 1100 K) was 6.5x10-4 ms. That 
time represents 0.03% of the overall test time for the short reaction times 
experiments (2.5 ms) and 0.01% for the long reaction time tests (6.0 ms), therefore 





contribution to the final measured products. For example, rate expressions by Wei 
and Iglesia (2005)20 and Trimm and Lam16 mentioned in Chapter 2 (page 9) can be 
used to determine the extent of reaction occurring in this time.  It was calculated 
that the heating time would result in an additional methane conversion of 3x10-7 – 
3x10-3 ppm, which is inconsequential to the overall extent of reaction and falls below 
the detection limitations of the GC/MS.  
These calculations were performed assuming heating of the entire wash-coat. 
Figure 8 shows the time it takes for the wash-coat to heat to 99% of the reaction 
temperature as a function of wash-coat depth. As demonstrated, the farther into the 
wash-coat, the longer it takes to reach 99% of Trxn. 
 
Figure 8: The time it takes for the wash-coat temperature to reach 99% of Trxn as a function of wash-
coat depth. 
It can be concluded through these series of calculations that the 
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short enough that diffusion limitations do not take over, and the catalyst 
reaches reaction temperature nearly instantaneously.  
3.2.4. Catalyst behavior in shock tubes 
The previous section demonstrated that there are no diffusion or heat transfer 
limitations within the catalytic shock tube system. However, the different behaviors 
of the fixed and mobile catalyst within the system have not been addressed.  
Considering the behavior of the mobile catalyst during an experiment, the 
powder is lifted and suspended as the shock wave passes over the catalyst. This is 
primarily due to Saffman lift forces that are a result of the interaction between the 
shock wave and particles as the shock passes generating a velocity gradient across 
the particle.42,43 The lift forces are inversely dependent on the particle size, therefore 
the smaller the particle size, the greater the lift force. The effects of lift forces 
generated by shock waves on dust particles have been studied extensively in 
literature. Thevand and Daniel (2002)43 investigated the effects of lift forces 
experimentally and numerically on particles with diameter ≤40 µm showing the 







Figure 9: Vertical displacement of particles with diameter ≤40 µm lifted as a shock wave passes.43 
The suspension of powder behind a shock wave prompted the assumption that 
powder catalyst laid at the base of the shock tube near the end-wall would be lifted 
and encompass the entire reaction region allowing for only catalytic reaction to occur 
during an experiment.  
Unlike the powder catalyst that comprises the entire reaction region volume, 
the fixed catalyst only encompasses a small fraction of the reaction region near the 
end-wall of the shock tube. This means that under appropriate conditions 
homogeneous reactions could occur in the surrounding reactant volume. The volume 
of gases sampled exceeded that of just the fixed catalyst, therefore the results from 
the GC depicted the products from both homogeneous and catalytic reaction. Since 
there is no way to sample only the gases produced during catalytic reaction, the 
homogeneous products were subtracted from the results obtained during catalytic 
tests to accurately decipher the products due to catalytic reaction. This method is 






3.3. Reaction mixtures 
When using shock tubes for reaction kinetic studies, the reactant mixtures 
used must be dilute. This ensures that there are no thermal changes due to reaction 
occurring, therefore the reaction region remains isothermal. This also prevents the 
possibility for explosion within the shock tube.  
For these experiments, five different test gas mixtures of methane and oxygen 
were prepared and tested. The test gas mixtures comprised of CH4:O2 ratios ranging 
from 0.5 to 5 to fully understand the behavior of the CH4 CPOX reaction mixture 
with varying reactants. Table 3 shows the concentrations of methane and oxygen in 
each reactant mixture. The stoichiometric test gas mixture (CH4/O2 = 0.5) was 
chosen to display the reaction pathway using a reactant mixture that promotes 
complete oxidation, while the 5:1 CH4 to O2 mixture would show the pathway of a 
mixture that promotes partial oxidation. The equal proportion test gas mixtures 
(CH4/O2 = 1) provide a reaction condition that does not favor either partial or 
complete oxidation.  
Table 3: Concentrations of CH4 and O2 in the test gas mixtures in balance argon. 
 [CH4] (ppm) [O2] (ppm) CH4:O2 
Test gas 1 (2013) 939 1870 1:2 
Test gas 2 (2013) 867 914 1:1 
Test gas 3 (2014) 1491 1491 1:1 
Test gas 4 (2016) 1410 1408 1:1 
Test gas 5 (2016) 1217 253 5:1 
  
Each test gas was prepared by evacuating a gas cylinder, flushing with Argon 





evacuated cylinder first followed by oxygen and Argon was used as the diluent. The 






3.4 Test matrix 
To demonstrate the efficacy of the catalytic shock tube technique it has been 
applied to address the mechanistic uncertainty with the catalytic partial oxidation of 
methane.  To approach this problem, multiple experiments were conducted at 
various reaction conditions to resolve the current debate. A dilute reaction mixture 
of methane and oxygen in the presence of platinum catalyst was reacted in a single-
reflection mode shock tube. Shock pressures of 27.0(±0.9) and 40.0(±0.7) psi were 
tested at reaction temperatures ranging between 1080 and 1195 K for reaction times 
of 2.56(±0.13) to 6.00(±0.31) ms. Experiments were performed using either a fixed or 
powder catalyst. Tables 3.4a-b outline each set of experiments performed. Note 
standard deviations reported in the tables were calculated based on raw 
measurements of the reaction conditions during each experiment performed.  
For each reaction condition, the products, reactants, and stable intermediates 
were measured using gas chromatography. The products of reaction dictate the 
preferred mechanism for this catalytic reaction. For every condition tested, only 
carbon dioxide was produced and no carbon monoxide or hydrogen was identified. 
The results from these experiments concluded that the reaction pathway of the 
catalytic partial oxidation of methane proceeds through the complete oxidation of 
methane forming carbon dioxide and water as stable products initially, followed by 






Table 4: Experimental conditions during non-catalytic baseline tests. 
Baseline	  (non-­‐catalytic)	  tests	  
Reactant	  mixture	   Reaction	  conditions	  
CH4:O2	   [CH4]	  (ppm)	   [O2]	  (ppm)	   Prxn	  (psi)	   trxn	  (ms)	   Trxn	  (K)	  
1:2	   939	   1870	  
32.7	  ±0.4	   6.4	  
1074	  ±6	  
1:1	  
867	   914	   1066	  ±9	  
1491	   1491	   40.0	  ±0.7	   	  2.6±0.1	   1100-­‐1200	  
27.0	  ±0.9	   	  6.0±0.3	   1050-­‐1175	  
1410	   1408	   51.9	  ±1.9	  
2.1±0.1	  
850-­‐1250	  
5:1	   1217	   253	  
52.3	  ±1.3	  
1200-­‐1600	  
47.6	  ±25	   3.2±0.1	  
 
Table 5: Experimental conditions during fixed (SCT) catalytic tests. 
Catalytic	  tests	  (fixed/SCT)	  
Reactant	  mixture	   Reaction	  conditions	   Catalyst	  
CH4:O2	   [CH4]	  (ppm)	   [O2]	  (ppm)	   Prxn	  (psi)	   trxn	  (ms)	   Trxn	  (K)	   Formulation	  




867	   914	   1066	  ±9	  
1491	   1491	  
40.0	  ±0.7	   	  2.6±0.1	   1100-­‐1200	  
27.0	  ±0.9	   	  6.0±0.3	   1050-­‐1175	  
1410	   1408	   51.9	  ±1.9	   2.1±0.1	   850-­‐1250	   La-­‐doped	  Pt	  
SCT	  5:1	   1217	   253	   52.3	  ±1.3	   1200-­‐1600	  
47.6	  ±25	   3.2±0.1	  
 
Table 6: Experimental conditions during mobile (powder) catalytic tests. 
Catalytic	  tests	  (mobile/powder)	  










1:2	   939	   1870	   32.9	  ±0.4	  




867	   914	  
32.0	  ±0.2	  
57.8	   1.5	   1088	  
1491	   1491	  
39.7	   2.7	   1195	   200	  
26.4	  ±0.5	   	  5.8±0.3	   1037-­‐1162	   50-­‐200	  





Chapter 4: Catalytic shock tube experiments 
 Until now, shock tubes have not been used as a means to study the intrinsic 
kinetics of heterogeneous catalytic reactions. This work investigates both mobile 
(powder) and fixed (SCT) catalysts in the shock tube reacting fuel-lean and fuel-rich 
test gas mixtures over a range of conditions. This chapter begins by outlining the 
very first catalytic shock tube tests performed in 2007 at Alliant Techsystems 
(ATK)/General Applied Science Laboratory (GASL) in Ronkonkoma, NY by students 
of the Combustion and Catalysis group (Nora Mclaughlin, Joseph Alifano and Hope 
Connolly).33,44 This was the first time that a catalytic shock tube had been utilized 
and the results from their work indicated that the CRR mechanism was the likely 
reaction pathway for CH4 CPOX over La-doped Pt catalysts. The majority of the 
chapter discusses the experiments performed to evaluate this conclusion and expand 
on the novel experimental technique. These tests were conducted at Professor 
Kenneth Brezinsky’s high-pressure shock tube (HPST) lab at the University of 
Illinois at Chicago (UIC). Test gas mixture, catalyst formulation and reaction time, 
temperature and pressure were modified to determine the dependencies of the CH4 
CPOX reaction mechanism on these conditions. The results from these tests confirm 
that the CRR mechanism is the reaction pathway and provide detailed kinetic 






4.1. Previous experiments (2007) 
 In 2007 a number of catalytic shock tube tests were performed using a 
modified kinetically instrumented shock tube (KIST) at ATK/GASL (Ronkonkoma, 
NY) using a single-pulse shock tube operating in “single-expansion” mode. This is 
different from the “single-reflection” mode explained above in Chapter 3 in that the 
reaction is initiated due to the first pressure increase caused by the incident shock 
wave’s initial passing, however the overall principles are the same.  The pressure 
trace from this shock tube (Figure 10) shows this. There is an immediate increase in 
pressure that is sustained for the reaction time, followed by a rapid decrease in 
pressure to non-reacting conditions. This pressure trace resembles that of the 
pressure trace taken at the end-wall of the single-reflection mode shock tube. The 
single-expansion shock configuration allows test times to range from microseconds to 
about 0.5 milliseconds thus covering the short reaction time range that is 






Figure 10: Pressure trace from the reaction region of the “single-expansion” shock tube during a shock 
experiment. 
The shock tube used was 35 feet long with a 2.88 inch inner diameter. A La-
doped Pt catalyzed SCT was placed within the reaction region of the shock tube and 
reactants were charged into the system. During these tests a fast acting valve 
generated an incident shock wave that initiated the reaction and the rarefaction 
wave quenched the reaction. The product gases were analyzed using an Agilent 3000 
MicroGC, which is discussed is the appendix (pg. 150). 
A catalytic experiment was performed at 38 psi and 387 K using a 1:2 
methane-to-oxygen test gas mixture (16.4% CH4/28.5% O2) in balance N2/Ar. The La-
doped Pt catalyzed SCT was secured within the reaction region during the 
experiment. The post reaction gas analysis showed that 0.15 mol% CO2 was 





CO2. No partial oxidation products were detected. This implied that the CRR 
reaction mechanism is occurring at these conditions. Three additional tests were 
performed using fuel-rich test gas mixtures (30% CH4/30% O2/Bal. Ar-N2, 30% 
CH4/30% O2/Bal. N2, 20%CH4/10% O2/Bal. N2) in a similar manor and the results 
showed CO2 production. Again, no partial oxidation products were detected, 
indicating only complete oxidation was occurring.  
As discussed in Chapter 2 (pg. 9), a number of studies produced similar 
results, however many others contradict the conclusion. Some examples include the 
work by Choudhary et al. (1992,1993)25 performing experiments with 7 ms reaction 
times, Hofstad et al. (1996)45 investigating fuel rich test gas mixtures and Hickman 
and Schmidt (1993)23 studying honeycomb reactors at 0.10-10 ms reaction times. 
These experiments observed CO and H2 as the primary products during experiments 
with Ni, Pt and Rh catalysts.  
To confirm the results from these very first catalytic shock tube tests, 
additional experiments needed to be performed to identify the conditions at which 
partial oxidation products form during CH4 CPOX. Assuming the CRR reaction 
mechanism is correct, CO and H2 production would be promoted as the reaction 
proceeds i.e. at higher temperatures and longer reaction times. Conversely, if the 
DPO mechanism is occurring, shorter reaction times would reveal partial oxidation 
products forming as precursors to complete oxidation. Increased CH4:O2 reactant 





times, temperatures and fuel-rich reactant mixtures will offer a comprehensive 
understanding of the reaction mechanism.  
The following sections will discuss the results from this work. Initial tests 
were performed to reproduce some results from the ATK/GASK apparatus and 
continue to prove the efficacy of the new catalytic shock tube by analyzing baseline 
(non-catalytic) and catalytic experiments. From there, extensive tests using equal 
proportion reactant mixtures (CH4/O2 = 1) were studied with both SCT and powder 
catalysts. Fuel-rich experiments completed the experimental matrix. For all the 
catalytic tests performed, non-catalytic tests at the same reaction conditions were 
also done to ensure any homogeneous reactions were accounted for. 
4.2. Initial experiments 
The first set of tests, performed in 2013, used both fixed (SCT) and mobile 
(powder) catalysts. The fixed catalyst was secured at the end-wall and the powder 
catalyst was laid near the end-wall at the base of the driven section where the 
incident shock wave is reflected causing an instantaneous and sharp increase in 
temperature and pressure. This spike in temperature and pressure initiates the 
reaction that subsequently quenched after a pre-determined reaction time and then 
sampled and analyzed using the GC (Appendix pg. 147). Figure 11 shows the general 






Figure 11: Schematic of the “single-reflection” mode shock tube showing the reaction region. 
The initial tests were performed with two different test gas mixtures at a 
reaction temperature of 1070 K, pressure of 32.7 psi and time of 6.4 ms. The first set 
of experiments used a stoichiometric mixture of CH4 to O2 (1:2) that was diluted with 
Argon. These experimental conditions were chosen to test the proof of concept of the 
catalytic shock tube and provide complete oxidation comparison data for fuel-rich 
experiments following these tests. Complete oxidation was anticipated during 
catalytic tests with the stoichiometric test gas mixture and was confirmed by these 
results. The second set incorporated equal proportions of CH4 to O2 (1:1) to 
determine the effects of O2 availability on extent of reaction and if partial oxidation 
was observed at these reaction conditions. Experiments were conducted both with 
and without catalyst present to ensure the products measured during the catalytic 
tests were entirely due to catalytic reaction. If homogeneous reaction was occurring 
during the non-catalytic tests, it could be quantitatively and accurately subtracted 
from the catalytic experiments. However the results from the non-catalytic tests 
showed that no homogeneous reactions were occurring at these conditions. Table 7 














Table 7: Experimental conditions for the initial tests performed. 
 






(ppm) Prxn (psi) 
trxn 
(ms) Trxn (K) Formulation Weight (mg) 
Baselline 
(noncatalytic) 
1:2 939 1870 
32.7 ±0.4 6.4 
1074 ±6 
N/A 




1:2 939 1870 1074 ±6 5 wt% 
Pt/Al2O3 
N/A 




1:2 939 1870 
32.5 ±0.3 6.0±0.2 1079 
La-doped Pt 1490 ±640 
1:1 867 914 
57.8 1.5 1088 
 
4.2.1. Non-catalytic experiments 
Non-catalytic tests were performed to ensure homogeneous reaction was not 
occurring at the conditions chosen to conduct catalytic experiments. The shock tube 
was charged with the reactant mixture, without any catalyst present, and a shock 
was initiated. After the rarefaction wave reached the reaction region of the shock 
tube, bringing conditions back down to ambient, the gases were sampled and 
analyzed using the GC.  
The results from the GC chromatogram showed that trace amounts of CO2 
was measured, however the amount remained consistent at 1.7±0.3 ppm CO2 for 
both test gas mixtures used. Additional tests were needed to determine if the CO2 
was a product of homogeneous reaction or if there was CO2 contamination within the 





To test for contamination, the test gas mixtures were analyzed through the 
shock tube and sample system without a shock being fired. That is, the shock tube 
was charged with each reactant mixture and samples were taken by manually 
actuating the sample valve. The GC results showed trace amounts of CO2 (2.0 ppm) 
detected in both test gas mixtures implying that there is a consistent amount of CO2 
entering the system that must be subtracted from the experimental data.  
It is possible that the CO2 was present in the test gas mixture, however it was 
postulated that it was coming into the system through a small air leak. The shock 
tube and sampling apparatus remained under vacuum pressure until an experiment 
was performed, where each system was closed off from the vacuum pump and 
continued to be held at sub-ambient pressure. It is possible that during this time 
some air was able to leak into and remain in the system. If this were the case, N2, Ar 
and additional O2 would also be observed, however due to the detection limitations of 
the GC being used these measurements were not achievable.  
To test this, non-reactive shocks were conducted by charging the driven 
section with argon, firing a shock and analyzing the gas. Trace CO2 was detected (1.2 
±0.1 ppm) confirming that CO2 is entering the system, but it is not due to test gas 
mixture contamination.  
Since the CO2 measured during the non-catalytic tests never exceeded the 
value measured during the test gas injections, it was concluded no homogeneous 





baseline experiments was used as a reference amount of CO2 that was subtracted 
from the results of the catalytic tests discussed below. 
4.2.2. Catalytic experiments 
During each catalytic experiment a catalyzed SCT element was secured at the 
end-wall of the shock tube in the reaction region. The SCT washcoat was comprised 
of 5 wt% Pt on γ-Al2O3. First, the stoichiometric reactant mixture (CH4/O2 = 0.5) was 
tested at 1074(±6) K, 32.7(±0.4) psi and 6.4 ms resulting in 7.8(±4.1) ppm CO2 and no 
partial oxidation (CO/H2) products. Note that this reported CO2 value has the 
baseline CO2 (2.0 ppm) already subtracted from the raw measurements. The equal 
proportion reactant mixture (CH4/O2 = 1) was tested at the same pressure and 
reaction time with a similar reaction temperature (1066 ±9 K) for direct correlation 
to O2 concentration. These experiments resulted in the production of 1.6(±0.5) ppm 
CO2 and again, no partial oxidation products were detected. The results from both 
sets of experiments are shown in Figure 12, where the reference CO2 was subtracted 
from the raw measurements. The circle symbol represents the average CO2 






Figure 12: The CO2 production during catalytic tests using CH4/O2 = 1:2 (solid) and CH4/O2 = 1:1 
(open) test gas mixtures at the same reaction time (6.4 ms) and pressure (33 psi) with similar 
reaction temperatures.  
As shown, there were fluctuations in CO2 measured during the stoichiometric 
experiments and slight variation was also seen with the equal proportion (CH4/O2 = 
1) tests. For each test performed, a new SCT element was used to eliminate any 
possibility of catalyst deactivation. However, variations in the amount of active sites 
on each catalyzed SCT was most likely causing the fluctuations in the extent of 
reaction, or CO2 production. This will be readdressed in section 4.4 (pg. 72) 
discussing powder catalyst experiments.  
These results provide insight to the reaction mechanism occurring during the 
CPOX of CH4. As mentioned, only CO2 was detected as a carbon product indicating 
that complete oxidation is the first step of the reaction pathway. Also, it is important 
to note that there is on average a factor of 4.9 difference between the CO2 produced 
during these two sets of experiments [𝐶𝑂!]!"#$%. [𝐶𝑂!]!:! =
7.8























the elementary rate law for the complete oxidation of CH4, CO2 production should 
have a second order dependence on O2 concentration, 
Recall, the complete oxidation of methane reaction 
 𝐶𝐻! + 2𝑂! → 𝐶𝑂! + 2𝐻!𝑂 Equation 4 





𝑑𝑡  Equation 34 
The rate constant (k) is dependent on reaction temperature by the following 
equation 
 𝑘 = 𝐴𝑒
!!
!" Equation 35 
Where Ea is the activation energy and A is the pre-exponential factor specific 
for this reaction. Utilizing the elementary rate law and holding the reaction time and 
reaction temperature constant, the change in extent of reaction, or in this case CO2 
production, with respect to change in oxygen concentration from condition “a” to “b” 









 Equation 36 
 Allowing condition “a” and “b” to represent the stoichiometric and equal 














[867][914  𝑝𝑝𝑚]! = 4.5 Equation 37 
 Solving for this equation gives a value of 4.5, which coincides closely to the 
ratio of measured CO2 between the stoichiometric and equal proportion (1:1) 
experiments (value of 4.9). This finding implies that the elementary rate law can be 
used to describe the results from these tests. It also reinforces that the complete 
oxidation of methane is the first step in the CPOX of methane and suggests that CO2 
production has a second order dependence on O2 concentration. However, tests at 
additional reaction conditions must be performed to determine when partial 
oxidation products begin to form and if this finding applies for a wide range of 
reaction temperatures, reaction times and test gas mixtures. In order to prove the 
CRR mechanism, higher temperatures, longer reaction times and limited O2 







4.3. Equal proportion (1:1) fuel and oxidant experiments 
 
To expand upon the preliminary data generated, additional tests were performed at 
a range of reaction temperatures, pressures and times using two different equal 
proportion (CH4/O2 = 1) yet varied concentration reactant mixtures. The CH4 and O2 





Table 8 and three sets of tests were conducted at varied reaction pressure and 
time. For each test set, a range of reaction temperatures was reached. The first set of 
experiments was performed using a test comprised of 1491 ppm CH4/1491 ppm O2 in 
Argon at 40 psi and 2.6 ms between 1100 and 1200 K. The same reactant mixture 
was used for the second set of tests at 27 psi, 6.0 ms and 1050-1175 K. The final 







Table 8: Experimental conditions for each test performed using an equal proportion test gas mixture. 
 


















867 914 32.7 ±0.4 6.4 
1066 
±9 

















































57.8 1.5 1088 
1491 1491 







1410 1408 51.9 ±2.4 2.3 ±0.1 1066 ±9 5 wt% Pt/Al2O3 
50-100 
 
Just as was done during the initial tests both non-catalytic and catalytic 
experiments were performed to determine whether homogeneous reaction occurred 
at the reaction conditions tested. The results from the non-catalytic tests, discussed 
first in section 4.3.1, indicated that homogeneous reaction was occurring with CO 





these tests are used in the processing of the catalytic results presented in section 
4.3.3 (pg. 65).  
4.3.1. Kintecus Simulations 
Kintecus simulations were performed to determine homogeneous CH4 
oxidation products that may form and the trends of those product species during the 
experimental reacting conditions performed above. Kintecus is a chemical kinetic 
simulation software compatible with Chemkin models without the need for 
Fortran/C programming. The software uses reaction, species description and 
parameter description spreadsheet files as inputs.  
The GRI-Mech46 detailed reaction mechanism (pg. 158) was chosen for these 
homogeneous reaction simulations. The mechanism is comprised of 325 reactions 
with corresponding elementary rate laws that were optimized against experimental 
measures using techniques such as shock tube species profile measurements.  
Multiple simulations were performed adjusting the parameters to mimic the 
experimental conditions. Both equal proportion (CH4/O2 = 1) and fuel-rich (CH4/O2 = 
5) conditions were simulated at a wide variety of reaction times and temperatures 
while holding pressure constant. The fuel-rich calculations are described later in 
section 4.6.1 (pg. 85).  
Based off of the Kintecus results (Figure 13), H2O, CO and CO2 are the 
primary products of homogeneous CH4 oxidation during equal proportion reactant 
conditions, where CO production exceeds the CO2 production by about a factor of 3. 





Relatively small quantities of H2, C2H2, C2H4 and C2H6 were calculated during the 
simulations.  
Across each reaction species there was minimal variance in the calculated 
production between 3.3 and 6.1 ms reaction simulations and among all three 
reaction times above 1140 K. CO and H2O production increased initially with 
temperature and plateaued above 1040 and 1140 K for 3.3/6.1 and 2.2 ms 
simulations, respectively. Similarly, CO2 and C2H6 production increased followed by 
gradual decrease with increasing temperature. C2H2 and C2H4 as well as H2 during 
2.2 ms simulations display nearly linear increases in concentration with 
temperature. During 3.3 and 6.1 ms simulations, H2 production momentarily 
















































































































The results form these simulations indicate the likely reaction species that 
could be observed during the non-catalytic shock tube experiments and the behavior 
of those species with respect to reaction time and temperature variations.  
4.3.2. Non-catalytic experiments 
The test gas mixtures were sampled, similarly to the preliminary tests, 
through the shock tube and analyzed with the GC to measure the presence of 
reference CO2. Again, small amounts of CO2 were measured during each injection for 
both reactant mixtures. In addition, reference shocks were produced with pure 
Argon charged in the driven section to confirm the amount of ambient CO2 getting 
into the system during a shock experiment. The amount of CO2 was consistent 
between each reference shock, averaging 1.2 (±0.1) ppm, therefore this background 
CO2 could be subtracted from raw CO2 measurements during experiments. This also 
shows that the test gas mixtures were not contaminated, implying that a trace 
amount of air is entering the system (0.3% based on reference CO2 concentration). It 
was believed that the air was entering through the sampling system rather than the 
shock tube itself, therefore it was assumed there was no ambient O2 entering the 
reaction region and interfering with the reaction.  
For each condition tested, the amount of CO2 measured during the 
experiments was equivalent to the baseline measurements. Therefore, no CO2 was 
produced due to homogeneous reaction, which was consistent with the initial tests.  
During the first set of non-catalytic tests at 40 psi and 2.6 ms, C2H6 was 





temperature. Similarly, C2H6 was measured during the experiments at 27 psi and 
6.0 ms in greater quantities indicating that C2H6 production also increases with 
respect to reaction time. Figure 14 shows that C2H6 production during the longer 
duration tests (6 ms) exhibited a maximum of 0.5 ppm at a reaction temperature of 
1140 K and decreases slightly at 1160 K. This was not observed during the 2.6 ms 
tests, however it can be hypothesized that C2H6 would reach peak production at a 
higher temperature than the range tested. This is discussed later along with the 
fuel-rich results, where a similar observation was seen. 
C2H6 was also detected during the experiments at 52 psi and 2.1 ms along 
with CO, also shown in Figure 14. Both CO and C2H6 production began at reaction 
temperatures exceeding 900 K and continued to increase linearly with respect to 
temperature. Compared to the reaction conditions of the first set of experiments, the 
reaction pressure was increased by 12 psi, the test gas mixture was diluted by 5% 
and the reaction time was decreased by 0.5 ms. This resulted in the production of CO 
and an increased production of C2H6 by a factor of 10. The increase in reaction 






Figure 14: Homogeneous reaction products (CO and C2H6) as a function of temperature during non-
catalytic experiments using equal proportion test gas mixtures (CH4/O2 = 1). 
The C2H6 production during homogeneous reactions is similar to that 
calculated with Kintecus simulations using the same reaction conditions. As shown 
in Figure 15, the C2H6 production during the 6 ms reaction time simulation initially 
increases linearly with respect to temperature and reaches a value of 15 ppm at 1041 
K followed by a gradual decrease with increasing temperature. Similarly, the 2 ms 
reaction time simulation predicted increasing C2H6 production until 1140 K followed 
by a steady decrease. The longer reaction time shifted the C2H6 maximum to a lower 
reaction temperature by about 100 K. This was also observed during fuel-rich 
experiments (CH4/O2 = 5) discussed later (pg. 88). The amount of C2H6 calculated 
during the simulation exceeded that which was measured experimentally due to the 
concentration of Ar inputted into the simulation. The reaction between two CH3 
radicals is responsible for C2H6 production in the GRI-Mech and the reaction kinetics 
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bath gas). Although a maximum was not observed experimentally during 3 ms tests, 
Kintecus simulation demonstrated that a maximum in C2H6 production is expected 
to occur at higher temperatures.  
 
Figure 15: Homogeneous C2H6 production during 1:1 CH4/O2 test gas experiments as compared to 
simulations using Kintecus. 
The reaction product profiles of CO and C2H6 obtained during these non-
catalytic experiments were used for direct comparison with catalytic experiments 
that follow.  
4.3.3. Catalytic experiments 
Experiments were performed with a catalyzed SCT secured at the end-wall of the 
shock tube in the reaction region at the same reaction conditions reached during the 



















































Table 8 (above) shows the reaction conditions along with the type of catalyst 
used for each test. The catalyzed SCT consisting of 5 wt% Pt on γ-Al2O3 was tested at 
40 psi/2.6 ms and 27 psi/6.0 ms conditions. The La-doped Pt/Al2O3 SCT was tested at 
52 psi and 2.1 ms.  
Since the results from the non-catalytic tests proved that homogeneous 
reaction is occurring at these conditions, this must be accounted for during catalytic 
tests. Figure 16 shows a schematic of the shock tube reaction region, where the SCT 
was placed within this region at the end-wall. For each test a gas sample was taken 
from the sample port on the end-wall after the reaction was quenched. The volume of 
the sample taken is outlined in red and encompasses the entire SCT, as shown. The 
SCT comprises on average 57(±7)% of the sampled volume meaning that about 43% 
of the products sampled during catalytic tests were from homogeneous reactions 
occurring in the gases outside of the catalyst volume. The percentage of 
homogeneous reaction products sampled was calculated for each individual test, 
described in full detail in the appendix (pg. 150), and was used along with the results 
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Figure 16: Schematic of the shock tube reaction region demonstrating that the sample volume 
encompasses the SCT reactor volume.  
 
The first set of experiments was performed using the 5 wt% Pt/γ-AL2O3 SCT 
at 2.6 ms reaction time and 40 psi shock pressures and indicated that only CO2 was 
detected as a product of catalytic oxidation with no partial oxidation products (CO 
and H2) measured. The same held true with an increase in reaction time during 
experiments at 6.0 ms and 27 psi. C2H6 was also produced catalytically during both 
sets of experiments. During longer reaction time experiments (6.0 ms) the CO2 
production exceeded C2H6 concentration, however the opposite was observed during 
the shorter reaction time tests (2.6 ms). These results are shown in Figure 15, where 






Figure 17: Reaction products measured (CO2 and C2H6) as a function of temperature during catalytic 
SCT experiments using equal proportion test gas mixtures (CH4/O2 = 1).	  	  	  
The extent of reaction or consumption of CH4 (d[CH4]) was equated to the 
summation of the carbon products (d[CH4] = [CO2] + 2[C2H6]) and then normalized 
with respect to reaction time (d[CH4]/trxn). This data is shown in Figure 18 and is 

































Figure 18: CH4 consumption or total carbon products normalized with respect to reaction time during 
catalytic SCT experiments using 5 wt% Pt/Al2O3 and 1:1 test gas mixture.  
The formation of CO2 in the absence of CO implies that complete oxidation is 
occurring. This further confirms that the CRR mechanism is the proper reaction 
pathway for the CPOX of CH4 over a Pt catalyst.  
It is clear that C2H6 is a product of side reactions i.e. CH4 dehydration and 
recombination that are occurring on the surface of the catalyst. Recall, C2H6 was also 
produced homogeneously at these conditions. It is well known in literature that 
methyl recombination to form C2H6 is a primary termination reaction during CH4 
CPOX.  
When comparing the SCT C2H6 production to the non-catalytic tests (Figure 
19) during the 6 ms/27 psi tests it is difficult to discern between tests at reaction 
temperatures below 1140 K, however there is increased production at a temperature 
of about 1150 K during the catalytic experiments. Similarly during the 2.6 ms/40 psi 
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These results would indicate that methane dehydrogenation and recombination to 
form C2H6 is catalyzed at temperatures above about 1140 K for both reaction times, 
however behaves similarly on the surface of the catalyst as it does homogeneously at 
low temperatures. This means that the rate of catalytic C2H6 production through 
methyl consumption remains constant for the reaction conditions tested. However, at 
higher temperatures during homogeneous reaction it is possible that the methyl 
radicals react with other reaction intermediates to form products such as CO, H2 and 
H2O and/or are further dehydrogenated to form CH2, CH and C, which then react to 
form other reaction products such as CO.46  
 
Figure 19: Comparison of C2H6 production during non-catalytic and catalytic SCT experiments. 
Experiments using the La-doped Pt/Al2O3 SCT were performed with a reaction 
time of 2.1 ms and pressure of 52 psi at a wide range of reaction temperatures. Just 
as was observed above, no CO was produced and only CO2, C2H4 and C2H6 were 
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surface CH3, CH2, CH and C with the La-doping. This is because La increases the 
reducibility of the Pt catalyst, which promotes CH4 activation as mentioned in the 
literature review (pg. 9).  
Figure 20 shows the production of CO2 increases with reaction temperature. 
The production of C2H4 and C2H6 begins at temperatures exceeding 1200 K and only 
reaches values of 0.8 and 0.4 ppm, respectively, an order of magnitude less than the 
amount of CO2 produced.  
 
Figure 20: Reaction products measured (CO2, C2H4, C2H6) as a function of temperature during La-
doped catalytic SCT experiments using equal proportion test gas mixtures.	  	  	  
CO2 production increased by nearly two orders of magnitude during the La-
doped catalyst tests when compared to the short reaction time experiments using the 
5% Pt catalyst. Conversely, the production of C2H6 was reduced by about half. This 
indicates that the La-doped Pt/Al2O3 SCT promotes methane oxidation without 
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reducibility of the Pt catalyst, which promotes CH4 dehydrogenation on the catalyst 
surface.  
Figure 21 shows the comparison of CH4 conversion during these La-doped Pt 
SCT experiments with the results from the 5 wt% Pt/γ-Al2O3 SCT experiments. Since 
the La-doped Pt catalyst promoted CH4 complete oxidation, the overall extent of 
reaction is an order of magnitude greater than what is achieved using the 5 wt% 
Pt/Al2O3 SCT.   
 
Figure 21: CH4 conversion normalized with respect to reaction time during experiments using La-
doped Pt SCT as compared to the 5 wt% Pt/γ-Al2O3 SCT. 
4.3.4. Conclusion from equal proportion fuel-to-oxidant 
experiments 
The results from the catalytic experiments showed that only complete 
oxidation products were formed with no detection of partial oxidation products over 
the range of temperatures and reaction times tested using equal proportion test gas 
mixtures (CH4/O2 = 1). This confirms the conclusion from the initial catalytic tests 
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temperature caused an increase in extent of reaction. The La-doped Pt/Al2O3 also 
proved to promote oxidation reaction coinciding with an order of magnitude more 
CO2 produced as compared to the 5 wt% Pt/Al2O3 catalyst. This is due to the La 
increasing the reducibility of the Pt, which has been proved to elicit catalytic 
complete oxidation of CH4 by promoting the activation of surface CH4.  
CH4 dehydrogenation and recombination are side reactions producing C2H6 
and C2H4, which have been discussed in literature as the primary termination 
reaction of methyl radicals. The production of C2H4 was only observed during La-
doped Pt experiments again due to the improved catalyst reducibility, which 
promoted further dehydrogenation of CH4.  
For each set of equal proportion test gas experiments the CO2 production 
appeared to plateau at higher temperatures regardless of the catalyst used. This 
suggests that as the extent of reaction increases and the oxygen availability 
decreases, the complete oxidation of methane is limited and allowing other reactions 
to occur. This hypothesis is supported by the production of C2H4 and C2H6, which are 
formed from the recombination of CHx radicals. Because of this, additional 
experiments were performed with a fuel-rich (CH4/O2 = 5) reactant mixture 
discussed in section 4.6 (pg. 85) to further investigate the affects of O2 availability on 






4.4. Powder catalyst experiments 
Experiments were performed with powder catalyst laid at the base of the 
shock tube near the end-wall to understand the effects, if any, of catalyst 
configuration on the shock tube results. It is expected that the results from SCT 
experiments will not be different the powder catalyst experimental results because 
the shock tube is free from transport limitations that may cause discrepancies 
between the catalyst configurations. Therefore, the results from the powder 
experiments will act as a proof of concept for the catalytic shock tube technique for 
intrinsic kinetic studies.  
Due to the behavior of the powder during a shock experiment, the catalyst was 
lifted by the passing of the incident shock wave and suspended within the reaction 
region. Because of this, it was hypothesized that the reactions occurring within the 
reaction region were entirely catalytic. This assumption was also verified 
experimentally by showing that catalytic reaction was occurring at reaction 
conditions where there was no reaction during non-catalytic tests. 
These tests were conducted with one stoichiometric (CH4/O2 = 0.5) and three 
different equal proportion (CH4/O2 = 1) reactant mixtures. A wide variety of 
conditions were tested, as outline in Table 9, using the 5 wt% Pt/γAl2O3 and La-
doped Pt/Al2O3 catalyst powder. Just as was seen during the SCT experiments, the 
La-doping significantly promote activity.  
During each of these tests, CO2 was the prominent reaction product with less 





CO2 production is dependent on reaction conditions. It is important to note that 
again CO was not detected confirming the results obtained during the SCT 
experiments that show complete oxidation is the first reaction occurring.  
Table 9: Conditions for each experiment performed using powder catalyst. 
Catalytic tests (mobile/powder) 
Reactant mixture Reaction conditions Catalyst 
CH4:O2 [CH4] (ppm) 
[O2] 
(ppm) Prxn (psi) 
trxn 
(ms) Trxn (K) Formulation 
Weight 
(mg) 
1:2 939 1870 32.9 ±0.4  6.0±0.2 1079 




867 914 32.0 ±0.2 
57.8 1.5 1088 
1491 1491 39.7 2.7 1195 
200 
26.4 ±0.5  5.8±0.3 1037-1162 50-200 
1410 1408 51.9 ±2.4 2.3±0.1 1067 ±8 5 wt% Pt/Al2O3 50-100 
 
4.4.1. Initial experiments 
Initial texts were performed reacting the stoichiometric (CH4/O2 = 0.5) and 
equal proportion (CH4/O2 = 1) reactant mixtures using the La-doped Pt/Al2O3 powder 
catalyst. A range of 850 to 2100 mg of powder catalyst was laid at the base of the 
shock tube, the shock tube was charged with the reactant mixture, a shock was fired 
and the reaction products were analyzed. For each test, CO2 was the only carbon 
product detected ranging between 71-266 ppm, reaching two orders of magnitude 
greater than what was measured during the SCT experiments. It was estimated that 
the SCT catalyst wash-coat was about 170 mg, which explains the increase in extent 
of reaction occurring using the powder catalyst. Additional tests were performed to 
refine the relationship between the CO2 production, or extent of reaction, and the 





Interestingly, there was no C2H6 measured during these initial tests similarly 
to what was observed during the initial SCT experiments. This is most likely due to 
the relatively low reaction pressure and/or temperature as compared to SCT 
experiments where other carbon products were observed.  
4.4.2. Effect of varying catalyst quantity (La-doped Pt powder 
catalyst) and reaction condition 
Experiments were performed using an equal proportion (CH4/O2 = 1) test gas 
mixture holding reaction temperature, pressure and time constant while varying the 
amount of catalyst. Just as was done for the initial experiments, La-doped Pt/Al2O3 
catalyst powder was laid at the base of the shock tube near the end-wall. The 
amount of catalyst used varied from 48 to 210 mg. Only complete oxidation products 
were measured during each test and the results showed CO2 production clearly 
increased linearly with respect to catalyst weight. The correlation in Figure 22 
shows CO2 production as a function of catalyst weight.  






Figure 22: CO2 produced as a function of catalyst weight during experiments using a mobile catalyst.  
To determine the effects of reaction conditions on the reaction, similar to the 
procedure that was used for the SCTs, experiments were performed at a variety of 
temperatures and reaction times holding the amount of La-doped Pt/Al2O3 catalyst 
constant (200 mg). These experiments used the equal proportion (CH4/O2 = 1) 
reactant mixture and reaction times of 5.8±0.3 ms and 2.7 ms. The results were 
normalized with respect to reaction time and plotted as a function of temperature in 
Figure 23. For comparison, the apparent rate law developed by Song et al. (1990) 
describing the heterogeneous oxidation of CH4 was also plotted. This rate law 
coincides with experimentally measured CH4 conversion at reaction temperatures 
between 1150 and 1200 K, however a rate expression was developed to represent the 
results over the full temperature range tested (discussed later pg. 80). 
 𝑑[𝐶𝐻!]
𝑑𝑡 = 1.3𝑥10
!!𝑒!!".! !"[𝐶𝐻!][𝑂!]!.!    𝑚𝑜𝑙 𝑐𝑚!𝑠  Equation 39 
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Figure 23: Normalized CH4 consumption as a function of temperature during experiments using 200 
mg La-doped Pt catalyst powder. 
4.4.3. Experiments using 5 wt% Pt on γ-Al2O3 catalyst powder 
Only a few tests were performed with equal proportion (CH4/O2  = 1) reactant 
mixture that used the 5 wt% Pt catalyst at constant reaction conditions. After a few 
tests it was confirmed that the results closely matched the results using the 5 wt% 
Pt SCT as less than 1 ppm CO2 was measured. These tests verified that the La-
doped Pt catalyst was two orders of magnitude more active than the 5 wt% Pt 
catalyst at all reaction conditions.  
4.4.4. Catalyst configuration 
Both catalyst configurations were compared to prove that the shock tube could 
be used as a means to study all catalysts supported on any structure, with the idea 
that the structure does not interfere with the shock wave, without an effect on the 
reaction. This has not been attainable in literature. For example, experiments in 
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catalyst, such as honeycomb or packed bed reactors, due to inherent transport 
limitations.  
The CH4 consumption during experiments using the La-doped Pt/Al2O3 
powder catalyst can be directly compared to the results from the SCT configuration 
experiments. Recall that the reaction conditions between the powder and SCT 
catalyst tests were different. Both sets of experiment used equal proportion (CH4/O2 
= 1) test gas mixtures, however the reaction pressure during the powder catalyst 
tests was 26.4 ±0.5 psi while it was 51.9 ±1.9 psi during the catalyzed SCT tests. The 
SCT tests were performed with 2.1(±0.1) ms reaction time, while the powder tests 
were conducted at 5.8(±0.3) ms. Previous experiments proved that longer reaction 
time as well as larger quantities of catalyst increased the production of CO2 and 
therefore consumption of CH4. The quantity of the catalytic washcoat on the SCTs 
used was calculated to be 170 mg on average, which falls within the range of powder 
catalyst used (48-210 mg). The consumption of CH4 was normalized for each set of 
experiments by dividing the measured concentration by the reaction time. This 
normalization facilitates in the comparison of the CH4 consumption between La-
doped Pt catalyst configurations that were performed at different reaction times 






Figure 24: CH4 consumption as a function of temperature normalized by reaction time during 
experiments using fixed and mobile La-doped Pt catalysts. 
It should also be noted that there is a significant pressure difference between 
SCT and powder catalyst experiments, however the exact effect of pressure on the 
methane CPOX results cannot be concluded from these tests as it does not appear to 
have a significant impact on CH4 conversion based on the experimental data. Future 
experiments should be done to determine pressure effects on the reaction. 
The catalytic shock tube allows for catalytic reaction to occur in the absence of 
transport limitations regardless of the configuration of the catalyst, therefore this 
observation is expected. This confirms that catalyst configuration has no effect on 
the reaction within the catalytic shock tube and that the catalytic shock tube is a 
versatile tool for elucidating catalytic reactions.  
This result would not be expected using other types of reactor where transport 
effects alter the reactions taking place within the catalyst bed. Using powder and 































performance results due to transport. For example, the catalytic activity of a powder 
and monolith catalyst both consisting of 2 wt% Pd/Al2O3 during the 
hydrodechlorination of dioxins was measured as a function of time and showed that 
the powder catalyst was 30% more active initially.47 As additional reactions were 
performed over the catalysts, the monolith maintained its’ activity, while the powder 
catalyst deactivated. This can be attributed to the different primary and side 
reactions occurring within the catalyst beds that cause the powder catalyst to 
deactivate by way of coking, poisoning or sintering. 
4.4.6. Conclusions from powder catalyst experiments 
The results using powder catalyst showed that catalyst configuration had no 
effect on the reactions using the catalytic shock tube proving that the catalytic shock 
tube can be used for all heterogeneous reactions. Again, no partial oxidation 
products were measured during these experiments indicating that the CRR 
mechanism is occurring. The CO2 production showed a clear linear dependence on 
catalyst weight ([𝐶𝑂!] = 0.1269𝑤 + 11.067) that can be incorporated into the 
developed rate expression.  
Since the kinetic results are not dependent on catalyst configuration in the 
shock tube, the data obtained from these experiments can be used to develop a rate 
law as discussed in the following section. 
4.5. Catalytic rate expression developed from equal 
proportion (1:1) test gas mixture experiments 
To describe the catalytic conversion of methane during equal proportion 





Arrhenius rate laws were developed for each catalyst. The Arrhenius parameters can 
be found using empirical data as described below. 
The overall rate expression for the conversion of CH4 through oxidation can be 
described as follows. 
 −𝑑 𝐶𝐻!
𝑑𝑡 = 𝑘 𝐶𝐻!
! 𝑂! ! Equation 40 
 Where x and y are determined empirically. Based on the results from the 
initial tests, it was shown that the consumption of CH4 had a second order 
dependence on the concentration of O2. This suggests that the elementary rate law 
for the complete oxidation of methane could be used as a basis for determining the 
Arrhenius expression and therefore reaction rate was assumed to have a first order 
dependence on CH4 concentration giving the rate late as follows. 
 −𝑑[𝐶𝐻!]
𝑑𝑡 = 𝑘[𝐶𝐻!]
![𝑂!]! Equation 41 
The rate constant (k) is dependent on reaction temperature by the following 
Arrhenius equation. 
 𝑘 = 𝐴𝑒
!!
!" Equation 42 
To determine the activation energy (Ea) and pre-exponential value (A) based on the 
data from the equal proportion catalytic experiments discussed above, the natural 
log of this expression was taken. 
 𝑙𝑛
𝑑[𝐶𝐻!]









An Arrhenius plot was developed using the compiled results from experiments using 
the La-doped Pt powder and SCT catalysts (Figure 25). The following linear 






𝑇 + 5.9384 Equation 44 
 
Figure 25: Arrhenius plot using the results from 1:1 reactant mixture experiments with La-doped Pt 
SCT and powder catalysts.  
From this linear fit the pre-exponential factor (A) and activation energy (Ea) 




= 1.245𝑥10!!𝑒!!".!" !" 𝐶𝐻! 𝑂! !
𝑝𝑝𝑚
𝑚𝑠  Equation 45 
 The same process was done using the results from 5 wt% Pt/γ-Al2O3 SCT 
experiments giving a higher activation energy of 70.80 kJ/mol, the same calculated 
pre-exponential factor and the rate law below.  
y	  =	  -­‐4604.4x	  +	  5.9384	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= 1.245𝑥10!!𝑒!!".!" !" 𝐶𝐻! 𝑂! !
𝑝𝑝𝑚
𝑚𝑠  Equation 46 
 The difference in calculated activation energy between the La-doped and 5% 
Pt SCT results is logical due to the observed increase in catalytic activity with the 
addition of La doping. The addition of La to the Pt catalyst reduced the activation 
energy for methane conversion. This has also been shown in literature. For example, 
Table 10 shows the activation energies of a variety of catalysts during methane dry 
reforming. Both the catalyst support and the noble metal impact the activation 
energy of CH4.  







1% Pt/Al2O3 733-823 91.2 
1% Pt/ZrO2 733-823 77.0 
1% Rh/MgO 733 97.1 
1% Rh/Al2O3 733 76.1 
0.5% Rh/Al2O3 600-1100 84 
0.5% Rh/SiO2  63 
0.5% Rh/TiO2  88 
0.5% Pt/StTiO3 813-893 123 
0.3% Pt-10% Ni/Al2O3 853-893 113 
0.2% Pt-15% Ni/Al2O3 853-893 111 
 
The pre-exponential factor for a reaction can be derived from collision or 
transition state theory and therefore is the same for both rate expressions. The 
results from these catalytic experiments along with the developed rate expressions 






Figure 26: Normalized conversion of CH4 during 1:1 reactant mixture experiments using La-doped Pt 
powder and SCT catalysts and 5 wt% Pt/γ-Al2O3 SCT along with the developed rate laws. 
The pre-exponential factor and activation energy determined from the La-
doped Pt catalyst results closely matches that reported in literature by Song et al. 
(1990).17 The discrepancy between the two rate expressions is the reaction order with 
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4.6. Fuel rich experiments 
Until now, a significant amount of oxygen has been available in the reactant 
mixture. With the exception of less than 1 ppm C2H6 and C2H4, CO2 was the only 
carbon product formed indicating that only complete oxidation was occurring. To 
truly understand the intrinsic kinetics of the CPOX of CH4, the conditions where 
partial oxidation products are first formed must be observed. From the results 
obtained thus far, the CRR mechanism has been proven to be the reaction pathway 
for CH4 CPOX. Following this mechanism indicates that as oxygen is consumed, CH4 
reacts with complete oxidation products to form CO and H2. Therefore in order for 
CO and H2 to be produced, the O2 availability needed to be limited.  
Fuel rich tests were performed using a reactant mixture of 5:1 CH4-to-O2 
holding reaction pressure constant at 49.8 (±3.2)psi at two different react times (2.1 
and 3.2 ms) and varying reaction temperature. As was done for all prior 
experiments, non-catalytic tests were conducted with no catalyst present to 
determine the degree of homogeneous reaction occurring at the reaction conditions 
that were tested catalytically (Table 11). The results from the non-catalytic tests 
showed homogeneous reaction occurred and therefore were used in the processing of 
the catalytic results. Catalytic experiments were executed with a catalyzed SCT (La-
doped Pt/Al2O3) secured at the end-wall of the shock tube.  
For both non-catalytic and catalytic tests, CO2, CO, C2H6, C2H4 and C2H2 were 





recombination reactions are prominent in fuel rich reaction conditions. This also 
confirms that CO is produced when O2 availability is limited.  
Table 11: Conditions of experiments performed using the fuel-rich test gas mixture. 
 













5:1 1217 253 
52.3 ±1.3 2.1±0.1 1200-
1600 N/A 
N/A 
47.6 ±2.5 3.2±0.1 
Catalytic SCT 
52.3 ±1.3 2.1±0.1 1200-
1600 La-doped Pt 47.6 ±2.5 3.2±0.1 
 
4.6.1. Kintecus simulations 
Fuel-rich Kintecus simulations were performed to gain insights in the 
behavior of the homogenous reaction species during experimental reaction 
conditions. The simulations were performed using the concentrations of CH4 and O2, 
reaction temperatures and reaction times outlined in Table 11. Figure 27 shows the 
results from these simulations. H2, CO and H2O were calculated as the primary 
products. The production of H2O remained consistent with respect to increasing 
reaction time and temperature, while CO2, H2, C2H2 and C2H4 increase with 
temperature. The calculated CO production reached peak concentration at 1300 K 
for all three reaction times. The minimum C2H6 production was calculated at 1400 K 
for each reaction time. Interestingly, an increase in reaction time resulted in 
decrease C2H6 production at temperatures below 1400 K and the opposite effect was 

















































































































 These results provide insights in the trends that could be observed 
experimentally during homogeneous CH4 partial oxidation shock tube experiments.  
4.6.1. Non-catalytic experiments 
During non-catalytic experiments using the fuel-rich (CH4/O2 = 5) test gas 
mixture, both CO2 and CO were measured as products of methane oxidation. 
Products of methane dehydrogenation and recombination (C2H6, C2H4 and C2H2) 
were also detected. Figure 28 shows the production of CO, CO2 and C2H2 continually 
increase with respect to temperature during the baseline tests at 2.1 ms reaction 
times, where as C2H6 and C2H4 exhibit maxima. C2H6 is the first product formed and 
reaches a maximum production of 25 ppm at 1517 K. At the same reaction 
temperature, C2H4 reaches its maximum production of 76 ppm. The production of 
CO, C2H4 and C2H2 starts at reaction temperatures exceeding 1500 K and appears to 
coincide with C2H6 and C2H4 production maxima.  An increase in CO2 production is 






Figure 28: Product distribution during non-catalytic experiments using 5CH4:1O2 test gas mixture 
with 2.1 ms reaction time (Prxn = 52.3 psi).  
Similarly, experiments with 3.2 ms reaction times showed CO, CO2 and C2H2 
production increase with respect to temperature, while C2H6 and C2H4 reach maxima 
(Figure 29). At reaction temperatures exceeding 1300 K, CO, C2H6, C2H4 and C2H2 
begin to form, while CO2 is not produced until 100 K higher. The formation of CO2 
coincides with a drastic increase in the production of CO and C2H2 as well as the 
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Figure 29: Product distribution during non-catalytic experiments using 5:1 (CH4:O2) test gas mixture 
with 3.2 ms reaction time (Prxn = 47.6 psi). 
Figure 30 shows the data from Figure 28 and Figure 29 as individual product 
profiles for comparison between the two reaction times. As expected, an increase in 
reaction time caused the production of CO2, CO and C2H2. The product profiles of 
both C2H6 and C2H4 shifted towards lower temperatures with an increase in reaction 
time. In other words, there is increased C2H4 and C2H6 production with increased 
reaction time and both species reach maximum production 60 and 80 K lower during 
the 3.2 ms reaction time tests. It should be noted that both C2H4 and C2H6 reached 
the same maximum production of 25.5(±0.9) and 76.2(±0.6) ppm, respectively, 
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Figure 30: The production of CO, CO2, C2H4, C2H6 and C2H2 as a function of temperature during non-
catalytic tests using the fuel rich test gas mixture with reaction times of 2.1 (Prxn = 52.3 psi) 
and 3.2 ms (Prxn = 47.6 psi). 
Clearly, homogenous reaction was occurring at these conditions and therefore 
these results were used to distinguish between homogeneous and heterogeneous 
reactions during catalytic experiments. Polynomial regressions were created for each 





























































































the fits were used to subtract the homogeneous products proportionately from the 
raw catalytic results.  
This data was compared with the homogeneous rate expression developed by 
Song et al. (1990) shown below. 17 
 𝑑[𝐶𝐻!]
𝑑𝑡 = 2.5𝑥10
!"𝑒!!".! !"[𝐶𝐻!]!.![𝑂!]!.!    𝑚𝑜𝑙 𝑐𝑚!𝑠  Equation 47 
Figure 31 shows that this rate expression fits the experimentally measured CO2 
production indicating that the rate expression represents the complete oxidation of 
CH4. However, it does not describe the overall conversion of CH4. 
 
Figure 31: CO2 production measured experimentally normalized by reaction time during baseline 
(non-catalytic) fuel-rich (5:1) experiments and compared with the homogeneous rate 
expression developed by Song et al. (1990) 
Therefore an apparent rate law was developed to represent the overall 
conversion of CH4 using the same Arrhenius method as described above. The 
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following Arrhenius rate expression was developed. This rate law is shown with the 
corresponding data in Figure 32.  
 𝑑[𝐶𝐻!]
𝑑𝑡 = 9.690𝑥10
!"𝑒!!"".! !" 𝐶𝐻! 𝑂! !
𝑝𝑝𝑚
𝑚𝑠  Equation 48 
 
Figure 32: CH4 consumption measured experimentally normalized by reaction time during baseline 
(non-catalytic) fuel-rich (5:1) experiments and compared with the developed rate law from this 
data. 
This rate law can be used in comparison with the catalytic experiments 
described below. 
4.6.2. Catalytic experiments with La-doped/Al2O3 Pt SCT 
Tests using the La-doped SCT catalyst were performed at the same reaction 
conditions as the baseline tests discussed above. Similarly to previous SCT tests, the 
homogeneous reaction products sampled along with the catalytic products were 
subtracted from the total gas analysis measurements to obtain values for the 
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The product distribution as a function of reaction temperature during SCT 
experiments at 2.1 ms reaction times is shown in Figure 33. CO2 was the most 
abundant product for the entire reaction temperature range tested reaching a 
concentration of 155 ppm at 1575 K. Both CO2 and C2H6 were the first products 
detected at 1450 K followed by the formation of C2H4, C2H2 and CO at temperatures 
above 1500 K. As was seen during the non-catalytic tests, C2H6 and C2H4 production 
exhibited peaks at 1500 and 1550 K, respectively, while CO2, CO and C2H2 increased 
with respect to temperature.  
 
Figure 33: Product distribution during catalytic experiments (La-doped Pt SCT) using the fuel rich 
test gas mixture at 2.1 ms reaction times (Prxn = 52.3 psi). 
During SCT experiments at 3.2 ms reaction times, CO2 was again the most 
abundant product until reaction temperatures above 1450 K, where C2H2 production 
exceeded CO2 reaching values of 175 ppm at the highest reaction temperature 
tested. Figure 4.16 shows that all of the products measured form at similar reaction 
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at temperatures of 1425 and 1475 K, respectively while the production of CO2, CO 
and C2H2 increase with temperature. 
 
Figure 34: Product distribution during catalytic experiments (La-doped Pt SCT) using the fuel rich 
test gas mixture at 3.2 ms reaction times (Prxn = 47.6 psi). 
To visualize the effect of reaction time on product distribution, the data 
presented in Figure 33 and Figure 34 were plotted to represent the individual 
reaction species as a function of temperature. Figure 35 shows that CO and C2H2 
increase with respect to increased reaction time. Similar to what was seen 
homogeneously in the non-catalytic tests, the peak production of C2H6 and C2H4 
shifted down by 70 K during longer reaction time tests. It also appears that C2H6 
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Figure 35: The production of CO, CO2, C2H4, C2H6 and C2H2 as a function of temperature during 
catalytic SCT (La-doped Pt) tests using the fuel rich test gas mixture with reaction times of 
2.1 (Prxn = 52.3 psi) and 3.2 ms (Prxn = 47.6 psi). 
CO2 production behaves uniquely with respect to both reaction temperature 
and time. There is a momentary decrease in CO2 production between 1452-1493 K 
during the 2.1 ms reaction time tests and between 1470-1478 K during the 3.2 ms 
reaction time tests, followed by a return back to increase production with 


















































































during experiments studying the complete oxidation of CH4 over Pt and Pd catalysts 
using steady state isotopic transient kinetic analysis (SSITKA). This was discussed 
in the literature review (pg. 9). During these experiments CH4 conversion decreased 
between 843-853 K (570-580 °C) and returned to increasing conversion at 878-888 K 
(605-615 °C) with both Pt catalysts studied. This effect was attributed to the catalyst 
changing from an oxidized state to a reduced state, therefore changing the reaction 
mechanism that is taking place. The oxidized Pt catalyst has higher selectivity 
towards CO2, while the reduced catalyst is CO selective. 
To determine changes in CO and CO2 selectivity for this work, the selectivities 
were defined as follows. 
𝐶𝑂!"# =   
[!!]
[!"]![!"!]




The selectivity of CO2 as a function of temperature during 2.2 ms reaction 
time tests show a decrease with respect to temperature corresponding with an 
increase in CO selectivity (Figure 36). Initially, 100% CO2 selectivity is observed 
until temperatures above 1500 K, where it begins to decrease. At temperatures 
above 1545 K the selectivities of CO2 and CO begin to plateau.  
During 3.2 ms reaction time tests, there is an initial region of increasing CO 
selectivity resulting in decreasing CO2 selectivity until reaction temperatures above 
1478 K. It should be noted that the CO2 selectivity begins at 100% meaning that CO2 
is the primary product of CH4 CPOX. This shift in selectivity would suggest that the 





that O2 availability on the surface is decreasing. This is followed by increasing CO2 
selectivity and decreasing CO selectivity until temperatures above 1522 K indicating 
a shift to higher O2 availability or a more oxidized catalyst. Above 1522 K there is a 
change back to increasing CO selectivity.  
The idea of changes in oxygen availability during CH4 oxidation over Pt 
clusters was studied by Chen and Vlachos (2012)51 using experimental data and 
density functional theory. Their work shows the existence of four different regimes 
dependent on surface oxygen availability each having a unique rate equation. The 
results from these experiments show that CO2 and H2O are the primary products of 
CH4 oxidation. CO was detected only when O2 was depleted to the extent that the 
CH4:O2 ratio was above 25:1 at 873 K. This emphasizes the impact of O2 availability 






Figure 36: Selectivity of CO and CO2 as a fucntion of temperature during catalytic SCT (La-doped Pt) 
experiments using the fuel rich test gas mixture. 
The results from these experiments show that reaction time has an impact on 
the behavior of selectivity. The shorter reaction time tests (2.1 ms) do not display a 
temporary shift back to favoring CO2 production like what is seen with the longer 
reaction time (3.2 ms) over the temperature range tested. This may indicate that the 
change to higher CO2 selectivity during the 2.1 ms tests would be observed at higher 
temperatures than what was tested. 
4.6.3. Comparison of catalytic and homogeneous results 
As shown throughout this section, both the catalytic and homogeneous partial 
oxidation of methane is occurring at the reaction conditions tested with the fuel-rich 
(CH4/O2 = 5) test gas. The same species were produced, however the reactions 
occurring were significantly affected by the addition of a catalyst. The catalytic 































the individual product profiles with and without catalyst present for direct 
comparison.  
It is clear that CO2 production is much greater during catalytic tests than the 
non-catalytic tests, where CO2 values reached 22 times more at the highest 
temperature tested. Interestingly, CO2 production does not seem significantly 
affected by increased reaction time during catalytic tests, with the exception of 
between 1430 and 1500 K discussed above, while CO2 production did increase with 
reaction time homogeneously. This supports that catalytic complete oxidation of CH4 
is limited by the available O2.  
Both CO and C2H2 production were much lower during catalytic experiments 
than homogeneous tests for both reaction times tested. During homogeneous 
experiments, CO and C2H2 production reached values of 3.0-3.5 and 2.8-3.7 times 
more, respectively. This is most likely due to CO remaining adsorbed on the catalyst 
surface and being oxidized to produce CO2 that is then desorbed. Similarly, CH 
radicals that react together to form C2H2 also participate in surface reactions 
producing surface C, CO, H2O, etc.  
C2H4 production was also lower during catalytic tests than during the non-
catalytic tests for both reaction times tested. The peak production of C2H4 occurred 
at similar reaction temperatures for both the catalytic and non-catalytic tests (1456-
1477 K for 3.3 ms and 1517-1546 K for 2.2 ms react times). The maximum values of 





catalytic experiments. However, the temperature where the maximum values were 
reached occurred at lower temperatures with an increase in reaction time.  
Similarly, the production of C2H6 reached maxima at about the same reaction 
temperature for catalytic and non-catalytic tests of the same reaction time. Peak 
C2H6 production at 2.1 ms reaction times appears to reach the same value of 25 ppm 
during catalytic tests as non-catalytic tests. This was not observed during 3.2 ms 
reaction time experiments, which could indicate that C2H6 is produced via a similar 
mechanism both heterogeneously and homogeneously, but is consumed faster by 
other reactions at longer reaction times (3.2 ms). The peak production of C2H6 during 
catalytic reaction correlates to the initial production of C2H4 for both reaction times. 
This is different from what is seen during non-catalytic tests, where the C2H6 and 
C2H4 peaks occur at similar temperatures for both reaction times and correspond to 






Figure 37: The production of CO, CO2, C2H4, C2H6 and C2H2 as a function of temperature during 
catalytic SCT (La-doped Pt) tests using the fuel rich test gas mixture with reaction times of 
2.1 (Prxn = 52.3 psi) and 3.2 ms (Prxn = 47.6 psi) in comparison to baseline tests at the same 
reaction conditions. 
The heterogeneous rate expression found during the equal proportion 
experiments did not correlate with this fuel-rich data and therefore a new rate 
equation was created to fit the data. The same method as prior was used assuming a 






















































































carbon products summation ([CO2] + [CO] + 2[C2H6] + 2[C2H4] + 2[C2H2]) was taken 
and normalized by reaction time. Figure 38 shows the results of this summation. 
This data was then plotted in an Arrhenius plot taking the natural log of these 
values as a function of reciprocal temperature. The pre-exponential factor and 
activation energy were calculated as A = 1.757x1020 and Ea = 236.1 kJ/molK, 
respectively, giving the following rate expression.  
 𝑑[𝐶𝐻!]
𝑑𝑡 = 1.757𝑥10
!"𝑒!!"#.! !"[𝐶𝐻!][𝑂!]! Equation 49 
This rate equation is plotted in Figure 38 and matches very closely to the 
results measured for the full temperature range tested. 
 
Figure 38: CH4 consumption measured experimentally normalized by reaction time during catalytic 
SCT (La-doped Pt) fuel-rich (5:1) experiments and compared with the developed rate law from 
this data and that developed by Song et al. (1990). 
The rate law developed by Song et al. (1990)17 (Equation 6) is also plotted 
alongside this data showing that the expression closely matches the data below 




















Fuel	  rich	  (5:1)	  experiments:	  
d[CH4]/dt	  measured	  vs.	  rate	  equation	  
Exp	  
Fit	  





represents the oxidation of CH4 as oxidation products are the primary compounds 
measured at these temperatures. Figure 39 shows the comparison of the measured 
CO and CO2 production normalized by reaction time during the fuel-rich 
experiments with the Song et al. rate expression. As shown, the heterogeneous rate 
law matches closely to the experimental data, however is not a complete match. 
Therefore, a catalytic rate expression was developed assuming the same reaction 
order to describe the conversion of CH4 due to oxidation reactions and is plotted 
along with the experimental data.  
 𝑑[𝐶𝐻!]!"#$%
𝑑𝑡 = 1.717𝑥10
!"𝑒!!"#.! !"[𝐶𝐻!][𝑂!]! Equation 50 
 
Figure 39: CO2 and CO production measured experimentally normalized by reaction time during 
catalytic SCT (La-doped Pt) fuel-rich (5:1) experiments and compared with the developed rate 
and that by law by Song et al. (1990).  
The heterogeneous oxidation rate law was further broken down to describe the 
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expression for the catalytic complete oxidation of CH4 determined from the 
production of CO2 (Figure 40) and again assuming that the same order of reaction. 
 𝑑[𝐶𝐻!]!"#!$%
𝑑𝑡 = 3.074𝑥10
!"𝑒!!"#.! !"[𝐶𝐻!][𝑂!]! Equation 51 
 
Figure 40: CO2 production measured experimentally normalized by reaction time during catalytic 
SCT (La-doped Pt) fuel-rich (5:1) experiments along with the developed rate expression. 
Similarly, the rate expression for the catalytic partial oxidation of methane 
was calculated using the CO produced and is shown below (Figure 41). 
 𝑑[𝐶𝐻!]!"#$%&
𝑑𝑡 = 1.207𝑥10
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Figure 41: CO production measured experimentally normalized by reaction time during catalytic SCT 
(La-doped Pt) fuel-rich (5:1) experiments along with the developed rate expression. 
4.6.4. Carbon balance 
A carbon balance was performed for each set of non-catalytic and catalytic 
experiments by determining the proportion of the change in carbon species pre (CH4) 
and post-reaction (CH4, CO, CO2, C2H6, C2H4 and C2H2) to the amount of carbon 





[𝐶𝐻!]!"# + 𝐶𝑂 + 𝐶𝑂! + 2 𝐶!𝐻! + 2 𝐶!𝐻! + 2 𝐶!𝐻! − [𝐶𝐻!]!"
[𝐶𝐻!]!"
 Equation 53 
 This was done to determine if any products, reactants or intermediates were 
remaining on the surface of the catalyst during catalytic experiments. Closing the 
carbon balance i.e. calculating a value of 0% is ideal because it means all of the 
carbon species are accounted for and are desorbing from the catalyst surface. For 
each set of non-catalytic tests the carbon balanced was closed within 8%, which is 
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proportion (CH4/O2 = 1) catalytic tests with both powder and SCT catalysts, which is 
again considered adequate.  
However, the carbon balance during the fuel-rich (CH4/O2 = 5) catalytic tests 
behaves dynamically increasing as the reaction persists, or with increasing 
temperature and reaction time (Figure 42). This indicates that there is carbon 
species adsorbed on the surface of the catalyst and as the extent of reaction 
continues to increase, the quantity of adsorbed carbon species increases.  
 
Figure 42: Carbon balance during fuel rich La-doped Pt catalytic SCT experiments with reaction 
times of 2.1 (Prxn = 52.3 psi) and 3.2 ms (Prxn = 47.6 psi). 
As shown, the carbon balance reached a value of 9% and continued to increase 
linearly at temperatures above 1430 K during 3.2 ms reaction time experiments. 
There was also a linear increase observed during the 2.1 ms reaction time tests 
above 1490 K. As temperature increases, the carbon balance reaches values as high 
as 14% at a reaction time of 2.1 ms and 19% at 3.2 ms for the temperature range 
investigated, meaning that about 165 and 232 ppm of carbon is remaining on the 























(CH4), products (CO, CO2, C2H6, C2H4 and C2H2) or intermediates of reaction that 
have not reacted or desorbed due to the quenching of the shock.   
The work by Mhadeshwar and Vlachos (2007)49 showed that O* and CH* are the 
dominant surface species during CH4 CPOX reactions over Pt catalysts. Initially, O* 
species occupy a majority of the catalyst active sites during oxidation, where O2 is 
abundant. Once the surface oxygen is consumed, CH* becomes the governing surface 
species, however it is not the only species occupying the catalyst surface. Desorption 
reactions of a number of different surface species are included in the detailed 
reaction mechanisms used for modeling CH4 CPOX. The sticking coefficients of these 
surface species and rates of desorption can provide the probability of what species 





Table 12, CO*, OH*, HCO* and CH* have the largest sticking coefficients and 
therefore could be occupying a majority of the catalyst surface, causing the observed 






Table 12: Surface reactions used in CH4 CPOX models along with the sticking coefficients, heat of 
chemisorption and activation energy of desorption of those surface species. 49,50 
Surface 









O* O* --> O + * 1.44E+13 85 - 16ΘO 51.0 - 32.0ΘO 
CO* CO* --> CO + * 5.66E+15 40 - 15ΘCO 34.0 - 15.0ΘCO 
CO2* CO2* --> CO2 + * 3.63E+12 3.6  
H* H* --> H + * 4.37E+13 62 - 3ΘH 20.0 - 6.0ΘH 
OH* OH* --> OH + * 1.44E+14 63 - 33ΘO + 25ΘH2O 63.0 - 33.0ΘOH 
H2O* H2O* --> H2O + * 2.03E+12 10 - 2.5ΘH2O + 25ΘOH  
COOH* COOH* --> COOH + * 1.12E+13 55.3  
HCOO** HCOO** --> HCOO + 2* 4.83E+12 53  
C* C* --> C + * 4.30E+13 157.7  
CH* CH* --> CH + * 5.22E+13 157.1  
CH2* CH2* --> CH2 + * 1.57E+13 91.6  
CH3* CH3* --> CH3 + * 4.42E+12 45.3  
CH3OH* CH3OH* --> CH3OH + * 2.11E+12 9.5  
CH3O* CH3O* --> CH3O + * 4.73E+12 37  
CH2O* CH2O* --> CH2O + * 8.06E+12 12  
HCO* HCO* --> HCO + * 6.21E+13 55.5  
CH2OH* CH2OH* --> CH2OH + * 1.35E+13 50  
 
The surface reactions from this work also show that one pathway of CO2 
production is through the reaction between adsorbed CO* and O*. The consumption 
of surface O* for the production of CO2 could lead to a build up of surface CO* and 
therefore eventually desorption of CO. This is supported by the results observed 
during fuel-rich catalytic experiments where CO is produced and increases with 
respect to both reaction temperature and time. 
Understanding of the surface reaction mechanism occurring during CH4 
CPOX is beyond the scope of this work and is not necessary in determining the 
overall intrinsic kinetics of the reaction. It is important to determine the reaction 





measured in the gas phase regardless of which surface reactions are responsible for 
their production. Knowing the amount of C, H and O remaining in the catalyst 
surface and how these quantities are affected by the reaction conditions is also 
imperative for understanding the intrinsic kinetics of CH4 CPOX. Therefore, both H 
and O balances are needed for these experiments, however the H and O balances 
cannot be closed for this data due to detection limitations within the GC being used.  
It should be noted that this result does not effect the conclusions that have 
been made thus far concerning the reaction mechanism of CH4 CPOX. As discussed 
in the motivation, elucidating the overall reaction mechanism is the goal of this 
research rather than identifying surface reactions that are dependent on each active 
site of the catalyst. 
4.6.5. Conclusions from fuel-rich experiments 
The results from the fuel-rich tests confirm that complete oxidation is the first 
step in CH4 CPOX. Further consumption of O2 promotes partial oxidation as well as 
methane dehydrogenation and recombination side reactions. As was seen for the 
equal proportion reactant tests, there was an increase in reaction with respect to 
temperature and reaction time. The catalytic rate equation for the conversion of 
methane during fuel-rich experiments was calculated as follows.  
 𝑑[𝐶𝐻!]
𝑑𝑡 = 1.757𝑥10
!"𝑒!!"#.! !"[𝐶𝐻!][𝑂!]! Equation 49 
Where the catalytic complete and partial oxidation rate expressions during 







!"𝑒!!"#.! !"[𝐶𝐻!][𝑂!]! Equation 51 
 𝑑[𝐶𝐻!]!"#$%&
𝑑𝑡 = 1.207𝑥10
!"𝑒!!"".! !"[𝐶𝐻!][𝑂!]! Equation 52 
 A shift in selectivity trends was observed during longer reaction time (3.2 ms) 
tests implying a change in catalyst oxidation state that has an effect on reaction 
mechanism. The carbon balance indicated that carbon species, most likely CH* and 
CO* were remaining on the surface of the catalyst at high temperatures. Both 
hydrogen and oxygen elemental balances are needed in order to fully understand 






4.7. Conclusions from catalytic shock tube experiments 
The shock tube was proven to be a useful tool in elucidating the intrinsic 
reaction mechanism for the CPOX of CH4 regardless of the configuration of the 
catalyst. The results from these experiments confirmed that the CPOX of methane 
over platinum catalysts proceeds through the complete oxidation of methane first 
followed by reforming reactions, or the CRR mechanism. Experiments using 
stoichiometric and equal proportion test gas mixtures (CH4/O2 = 2 and 1, 
respectively) gave only complete oxidation products, however tests with a fuel-rich 
reactant mixture (CH4/O2 = 5) produced partial oxidation products as well as 
complete oxidation products. This indicates that the oxygen availability, and 
therefore oxidation state of the Pt catalyst has a great impact on the selectivity 
during CH4 CPOX.  
Based on the results from initial catalytic shock tube experiments, CH4 CPOX 
has a second order dependence on O2. This result was assumed for the development 
of the apparent rate laws for the catalytic reactions using the experimental data. 
The following reaction rate for CH4 CPOX was determined. 
 𝑑[𝐶𝐻!]!"#$%&
𝑑𝑡 = 1.207𝑥10







Until now, we have been focusing solely on the CPOX of CH4, however the 
CPOX of conventional fuels such as natural gas, gasoline and diesel can be used for 
syngas production. The CPOX of these fuels involves more complex reactions, which 
have been well researched in literature. However, a majority of the experiments 
have been conducted using surrogate fuels and at atmospheric pressure without 
species breakdown of the olefin production. Utilizing the catalytic shock tube would 
improve the understanding of these reactions, as is discussed further as future work 
(pg. 144), however experiments using a flow through reactor can give useful insights. 
Throughout the tests in literature the performance of a variety of granular 
and monolith catalysts have been investigated. The selectivity and efficiency of 
CPOX processes are critically dependent on the catalyst used. During the past few 
decades, there has been an increasing interest in the use of monoliths as catalyst 
supports. Monoliths can result in much higher geometric surface area, providing 
better mass transfer, a low pressure drop, thermal stability, good mechanical 
strength and higher catalytic activity over conventional catalyst pellets or powders. 
Monoliths are commonly manufactured as ceramic or metallic structures, and they 
both differ significantly in physical and chemical properties. Metallic monoliths are 
becoming more popular despite the difficulty of catalyst adhesion. Preformed 
metallic scaffolding structures are preferred over ceramic scaffolding structures 
when very thin walls or low pressure drop is needed in densely packed channel 





In this work, the CPOX of natural gas, gasoline and diesel were studied at 
both atmospheric and high (45-60 psig) pressures and a variety of equivalence ratios 
using an Alloy Surface Company (ASC) proprietary metallic monolith catalyst. The 
method by which ASC produces the catalyst is novel and discussed in detail below 
(pg. 123). Simultaneous gas analysis via gas chromatography (Appendix pg. 150) 
provided a thorough breakdown of the gaseous products during these experiments. 
The results showed that catalyst performance using real fuels was comparable to the 
performance of granular and monolith catalysts used during the CPOX of surrogate 
fuels that have been reported in literature. 
The catalyst performance work was part of a collaboration with Stony Brook 
University, Innoveering LLC and Alloy Surfaces. The results were utilized to 
perform single-fuel Reactivity Controlled Compression Ignition (RCCI) experiments 
as a way of increasing engine performance. This work was published in Fuel Volume 
246, 15 June 2019, pages 295-307. The authors are D. Hariharan, R. Yang, Y. Zhou, 
B. Gainey, S. Mamalis and B. Lawler of the Department of Mechanical Engineering 
at Stony Brook University, R. E. Smith, M. Lugo-Pimentel and M. J. Castaldi of the 
Department of Chemical Engineering at the City College of New York, R. Gill and A. 






Chapter 5: Literature review: Catalytic partial oxidation of 
natural gas, gasoline and diesel 
 
Experiments performed by Al-Musa et al.52 used an adiabatic-type reactor to 
investigate the partial oxidation of methane over four different catalysts at 
atmospheric pressure. The methane was mixed with air and oxygen giving C/O 
ratios ranging from 0.55 to 1.50 prior to the inlet of the reactor. At the startup, the 
reactor was heated to 370 °C to induce catalytic reaction. During these experiments, 
the residence time was reported at about 0.05 s, which implies a GHSV of 72,000 /hr. 
The products were cooled, analyzed and CO, CO2, H2 and CH4 were measured for 
each experimental condition. Figure 43 shows the H2 production and CO selectivity 
as a function of C/O ratio for experiments using a 0.5% Pt on γ-Al2O3 granular 
catalyst. There appears to be an increase in H2 concentration and CO selectivity 
followed by a decrease at a C/O ratio of 0.7 as the C/O ratio increases. 
 
Figure 43: The CO selectivity and H2 production as a function of C/O ratio in the feedstock during 




































This work also showed that the production of CO was not significantly affected 
by the different catalysts used, however CO2 production did vary based on the 
catalyst formulation (Figure 44). Interestingly, the CO2 production is greater using 
0.5 wt% Pt/γ- Al2O3 catalyst than Ni-synetix on γ- Al2O3 during experiments with 






Figure 44: CO and CO2 production during CH4 CPOX experiments by Al-Musa et al. (2014) using 
three different catalysts (Ni-syntetix on γ- Al2O3, ZrCe/LaNiPt on α- Al2O3 honeycomb and 0.5 
wt% Pt/γ- Al2O3).52    
Subramanian et al.53 studied the catalytic partial oxidation of mixtures of 
higher order hydrocarbons at atmospheric pressure and various C/O ratios. Gasoline 
was represented using i-octane and a 1:1 i-octane/n-octane mixture as the fuel. An 
automotive fuel injector vaporized the liquid fuel at 300 °C prior to reaching the 
catalyst bed. These experiments were performed using a Rh/γ-Al2O3 monolith 
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94,500 /hr. To initiate catalytic reaction, the catalyst was heated to 250 °C. The 
products were analyzed for each condition using a gas chromatograph. The H2 and 
CO selectivity as a function of C/O ratio are shown in Figure 45 for experiments 
using both i-octane and the 1:1 i-octane/n-octane mixture. There is a decrease in H2 
and CO selectivity with increasing C/O ratio for both fuels that lessens at C/O ratios 
above 1.3. Pure i-octane maintained higher H2 and CO selectivities than the 1:1 i-
octane/n-octane mixture.  
 
Figure 45: CO and H2 selectivity during CPOX of i-octane and i-/n-octane experiments by 
Subramanian et al. (2004).53 
The same reactor and catalyst were used to study the partial oxidation of 
diesel and diesel surrogates at atmospheric pressure (Subramanian et al.53 and 
Krummenacher et al.54). Experiments were performed using California phase 2 low 
sulfur diesel as well as both n-decane and 1:1 n-decane/n-hexadecane mixture to 
represent diesel. The inlet flow of the reactant mixture was maintained at 4 SLPM 
giving a GHSV of 94,500 /hr for experiments using n-decane and n-decane/n-















Gasoline:	  Subramanian	  et	  al.	  (2004)	  4	  SLPM	  
CO	  sel	  (i-­‐oct)	  
H2	  sel	  (i-­‐oct)	  
H2	  sel	  (i+n-­‐oct)	  





corresponding to 47,200 /hr GHSV. Figure 46 shows the H2 and CO selectivity for 
these tests as a function of C/O ratio.  At a C/O ratio of 1, the CPOX of n-decane 
provides the highest H2 and CO selectivity followed by the 1:1 n-decane/n-
hexadecane mixture and the #2 diesel. As the C/O ratio increases, H2 and CO 
selectivity remain relatively constant for the #2 diesel, while selectivities decrease 
drastically for n-decane. At a C/O ratio of 2, the H2 and CO selectivity for the #2 
diesel is the greatest followed by the 1:1 n-decane/n-hexadecane mixture and pure n-
decane. 
 
Figure 46: CO and H2 selectivity during CPOX of n-decane, n-decane/n-hexane and #2 diesel 
experiments by Subramanian et al. (2004) and Krummenacher et al. (2003).54 
The CPOX of natural gas, gasoline and diesel have been well researched in 
literature, however a majority of the experiments have been conducted using 
surrogate fuels and at atmospheric pressure without species breakdown of the olefin 
production. The experiments performed in this work address the effects of high-
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Importantly this flow through data can be compared to the shock tube results 





Chapter 6: Catalytic partial oxidation of natural gas, gasoline 
and diesel 
6.1. Flow through reactor 
 
 
Figure 47: Schematic of the flow through gas and liquid fuel catalytic reactor set-up used for these 
experiments. 
A catalytic reactor system was built at Innoveering LLC and CCNY with the 
capabilities of oxidizing both gas and liquid fuels over a catalyst at low and high-
pressures with simultaneous gas analysis of the reaction products (Figure 47). 
Natural gas, gasoline and diesel were reacted at C/O ratios between 0.93 to 2.07. The 
C/O ratios were based on the assumptions that natural gas, gasoline and diesel 
formulations were C4, C8 and C12, respectively. Low and high-pressure experiments 
were conducted at 15 and 45-60 psig, respectively and reaction temperatures ranged 
from approximately 850 to 950 °C. At the startup, the catalyst was heated to 500 °C 
by the reactor furnace. Air and nitrogen was heated to 250 °C and was used to 
vaporize the fuel in the mixing chamber. Once the reaction began, the reactor 
furnace was shut off and the reaction was allowed to equilibrate. Water, unreacted 
liquid fuel and liquid products were condensed and collected downstream of the 
reactor. The fuel and air flow rates were adjusted to reach a new C/O ratio while 














The product gas was analyzed in real-time using a micro-gas chromatograph (
μ-GC) described in the appendix (pg. 150). A gas sample was collected concurrently 
at each reaction condition and analyzed using gas chromatography-mass 
spectrometry (GCMS). Using both µ-GC and GCMS allowed for detailed 
quantification of the gas products.  
Due to the complexity of the liquid fuels, a quantitative analysis of liquid 
products via GCMS was not viable and therefore for simplification, the liquid 
collected was assumed to be water and unreacted fuel. Elemental mass balances 
based on the gas products were utilized to calculate the composition of liquid 






6.2 Metallic Monolith Catalyst 
Typically, metallic monolith catalysts are produced by initially applying a 
high-surface-area-support washcoat layer directly onto a preformed scaffolding 
structure followed by application of the catalytically active material. During this 
process, the metallic substrates are normally dip-coated or spray-coated with the 
wash-coat slurry, and excess slurry is removed using an air knife. This can cause a 
non-uniform distribution of the wash-coat, which promotes hot spot formation within 
the reactor when used during oxidation and other exothermic reactions. Hot spots 
can lead to catalyst sintering and even melting of the substrate, thereby reducing 
catalytic activity. The coating is also weakly adhered to the metal substrate when 
using this process and therefor the wash-coat is susceptible to physical damage.  
In order to overcome these challenges, Alloy Surface Company (ASC) uses a 
novel approach consisting of “Coat then form” (CTF) catalyst, where the catalyst 
coating is formed on the surface of a thin metal foil prior to fabrication of the 
metallic monolith structure. Figure 48 shows a schematic of the formation of an 
adherent oxide layer, which is interdiffused into the metal substrate. This oxide 
layer is more strongly adhered to the metal substrate and has more uniform 
thickness distribution than a wash-coat layer that is obtained using traditional 








Figure 48: Schematics showing the formation of oxide layer onto metal substrate using ASC 
proprietary process. The adherent, uniform coating is interdiffused into the metal substrate 
with tailored porosity; The ASC coated foil formed into the monolithic geometry chosen for the 
CPOX tests for this work. 
ASC coated foil can be fabricated into various geometries that seek to 
augment the ratio of geometric surface area to occupied reactor volume as a means of 
mitigating mass and heat transfer limitations. The coated foil is capable of handling 
severe stresses during monolith fabrication without causing any spalling. This 
material is prepared using ASC’s continuous web-coating core process, which allows 
the precise control of coating thickness and uniformity on metal substrates. This 
coating process can also be applied to a variety of substrates such as stainless steel 








Figure 49: SEM of uncoated fiber substrate (top-left) and the formation of oxide layer on fiber (top-
right); The EDS dot-map of a cross-section of the fiber showing the distribution of aluminum 









The conversion of natural gas, gasoline and diesel was monitored throughout 
each test condition. Mass balances were used to calculate the unreacted fuel during 
gasoline and diesel experiments, while unreacted natural gas was measured using 
the μ-GC.  The CPOX of natural gas was performed at C/O ratios from 0.94 to 1.87 
at low (15 psig) and high (45-60 psig) pressures resulting in conversion rates 
between 31 and 68% as shown in Figure 50. For both pressure conditions, conversion 
decreases with increasing C/O ratio and begins to taper at higher C/O ratios. For the 
C/O ratios tested, conversion decreases more drastically with respect to C/O ratio for 
high-pressure experiments.  
The same trend was observed during low-pressure gasoline CPOX tests at C/O 
ratios from 1.48 to 2.07.  However, for high-pressure gasoline CPOX, conversion 
displayed a parabolic behavior with respect to C/O ratio. From this observation, it 
can be hypothesized that gasoline conversion during low-pressure CPOX would also 





    
Figure 50: The conversion of natural gas and gasoline as a function of C/O ratio for high (n) and low 
(u) pressure experiments. The low-pressure experiments were conducted at 15 psig and high-
pressure experiments at 60 and 45 psig for natural gas and gasoline, respectively. 
During low-pressure diesel tests, conversion rates were measured at two 
different GHSV while holding a C/O ratio constant at 1.1.  When increasing the C/O 
ratio to 1.4, the GHSV also increased slightly to 32,000 /hr. Figure 51 demonstrates 
the dependence of diesel conversion on GHSV for the two C/O ratios tested (1.1 and 
1.4). A linear relationship between GHSV and diesel conversion was assumed at a 
C/O ratio of 1.1 and extrapolated to a GHSV of 32,000 /hr. This extrapolation was 
used to develop a relationship between C/O ratio and low-pressure diesel conversion 
while maintaining GHSV at 32,000 /hr. As shown, the conversion decreases with 
increasing C/O ratio for both low and high-pressure experiments. Also, conversion is 
slightly higher during low-pressure tests. These results coincide with the results 





































    
Figure 51: The conversion of diesel as a function of GHSV for low-pressure (15 psig) experiments at 
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6.4. Natural gas CPOX 
 
The product gas distribution for the low and high pressure CPOX of natural 
gas as a function of C/O ratio is shown below in Figure 52. The micro-GC measured 
H2, CH4, CO and CO2 simultaneously during each experimental condition. It should 
be noted that the µ-GC is capable of detecting C2 and C3 hydrocarbons, however only 
trace amounts of ethane were measured during these tests. Water was calculated 
using elemental mass balances.  
During the low-pressure experiments, CH4 and H2O had the greatest changes 
with respect to C/O ratio that corresponded to a decrease in natural gas conversion. 
The production of CO2 increases and CO decreases by a fraction of a percentage and 
H2 production remains relatively constant throughout each condition.  
The same analysis was done for the high-pressure CPOX of natural gas. The 
greatest change with respect to C/O ratio was seen in the CH4, again corresponding 
to the decrease in natural gas conversion, while the remaining products gradually 
decreased with increasing C/O ratio. 
The results showed CO production was a factor of about 2 to 3 more than CO2 
production during low and high-pressure tests, respectively, indicating that partial 
oxidation products were favored. This increase in CO/CO2 from low to high-pressure 
experiments is observed because the amount of CO2 produced remained constant 
while the CO production increased with respect to pressure. This is a similar affect 
that was observed during fuel-rich (CH4/O2 = 5:1) CH4 CPOX shock tube experiments 





CO production increased with respect to reaction time. This supports that the CPOX 
of both CH4 and natural gas proceeds through complete oxidation steps first, 
however the oxygen availability limits the amount of complete oxidation products 
that are able to form.  
 
Figure 52: The product distribution measured during low-pressure (top) and high-pressure (bottom) 
CPOX of natural gas as a function of C/O ratio. Water production was calculated using a mass 
balance. 
The results from both low and high-pressure tests indicated minimal change 
in CO and H2 production as a function of C/O ratio, which coincides with the results 
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function of C/O ratio as compared to those from the literature (purple). The CO 
selectivity as a function of C/O ratio is closely matched for both low and high-
pressure experiments, while H2 production is slightly lower. 
 
Figure 53: H2 production and CO selectivity as a function of C/O ratio for low and high pressure 









































6.5 Gasoline CPOX 
6.5.1. Low pressure experiments  
 
The CPOX of gasoline was investigated at low-pressure and various C/O 
ratios. Just as was done for experiments using natural gas, the product gas was 
analyzed using a micro-GC in real-time. The results shown in Figure 54 indicate 
that the concentrations of H2 and CH4 decrease with increasing C/O ratio while CO2 
increases. As was done for the natural gas CPOX experiments, H2O was calculated 
using elemental oxygen and hydrogen mass balances and the same method was used 
to calculate unreacted gasoline. The production of H2O initially increases with 
respect to C/O ratio, however decreases at C/O ratios above 1.70. Inversely, the 
production of CO initially decreases then increases with increasing C/O.  
A gas sample was collected at each C/O ratio condition and analyzed with the 
GCMS to quantify the higher order hydrocarbons in the product stream. The sum of 
C3 and C4 hydrocarbons are reported in Figure 54 along with ethane, ethylene and 
acetylene as a function of C/O ratio. The production of ethane, C3 hydrocarbons and 
C4 hydrocarbons increases with C/O ratio while acetylene production decreases. 
Ethylene production behaves analogously to H2O displaying an increase followed by 






Figure 54: The product distribution for low-pressure CPOX of gasoline. 
Further breakdown of the C3, C4 and other hydrocarbons produced at each 
C/O ratio is shown below in Table 13. During the low-pressure tests, small quantities 
of propyne, propylene, propane, isobutylene, formaldehyde and acetaldehyde were 
measured and increased with C/O ratio. Trace amounts of 2-butene and n-butane 
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Table 13: Breakdown of C3, C4 and other hydrocarbons during low-pressure gasoline CPOX.  













0.07 0.04% 1.41% 0.04% 0.39% 0.02% 0.05% 
0.70 0.02% 0.42% 0.01% 0.06% 0.00% 0.01% 
0.50 0.02% 0.19% 0.00% 0.00% 0.00% 0.00% 
 
6.5.2. High pressure experiments 
High-pressure (45 psig) gasoline CPOX experiments were performed at C/O 
ratios ranging from 1.48 to 1.66. Gas analysis was performed using μ-GC and 
GCMS and the results are shown in Figure 55. The production of H2 and CO 
increases with respect to C/O ratio while H2O and CO2 production decreases. There 
is an increase in CH4 and acetylene production and a decrease in ethane and C4 
hydrocarbon production with increasing C/O ratio. Following the parabolic trend for 
the gasoline conversion, ethylene production initially decreases then increases at 
C/O ratios about 1.59. Propylene and isobutylene were the C3 and C4 hydrocarbons 
that were measured, respectively. Only trace amounts of propyne, propane, 2-butene, 






Figure 55: The product distribution for high-pressure CPOX of gasoline. 
Figure 56 shows the H2 and CO selectivity as a function of C/O ratio for the 
results from these experiments in comparison to the tests performed by 
Subramanian et al.53 on the CPOX of gasoline surrogate fuels: i-octane (purple) and 
1:1 i-octane/n-octane mixture (green). For the low-pressure gasoline CPOX tests the 
CO selectivity is higher than using either surrogate fuels. H2 selectivity for gasoline 
CPOX drops below that of i-octane CPOX at C/O ratios above 1.6, but remains higher 
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gasoline CPOX is lower than that of both surrogate fuels, however the CO selectivity 
is comparable to that of the i-octane/n-octane mixture above 1.5 C/O ratio. 
 
Figure 56: H2 and CO selectivity as a function of C/O ratio for low and high-pressure gasoline CPOX 
in comparison to experiments by Subramanian et al.53 investigating CPOX of i-octane (purple) 





























6.6. Diesel CPOX 
6.6.1. Low pressure experiments 
The low-pressure CPOX of diesel was performed at varying C/O ratios and 
GHSVs. Recall that a increase in GHSV of 2000 /hr at the same C/O ratio (1.1) 
caused a 16% increase in diesel conversion. Increasing GHSV also caused a decrease 
in combustion products (CO2 and H2O) and an increase in partial oxidation products 
(CO and H2). The production of methane, ethane, ethylene and acetylene also 
increase with respect to GHSV.  
As was done for conversion, a linear relationship between GHSV and species 
concentration was assumed to develop the product distribution as a function of C/O 
ratio at constant GHSV (Figure 57).  The production of CO2, ethane and ethylene 
increase with C/O ratio, while H2, CO and H2O decrease. Methane, acetylene, 
propylene (C3s) and isobutylene (C4s) production remain constant with change in 
C/O ratio. The amount of propyne, propane, 2-butene, n-butane, formaldehyde and 






Figure 57: The product distribution measured during low-pressure CPOX of diesel as a function of 
GHSV. 
6.6.2. High pressure experiments 
For high-pressure (45 psig) CPOX of diesel, the production of complete 
oxidation products (CO2 and H2O) as well as CH4, ethane and ethylene increase with 
increasing C/O ratio (Figure 58). Partial oxidation products (CO and H2) along with 
acetylene and propylene (C3) decrease with C/O ratio. The quantity of propyne, 
propane, C4 hydrocarbons, formaldehyde and acetaldehyde that are produced is 
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Figure 58: The product distribution measured during high pressure CPOX of diesel as a function of 
C/O ratio. 
The H2 and CO selectivities for these experiments were compared with those 
performed using California phase 2 low sulfur diesel (red), n-decane (purple) and 1:1 
n-decane/n-hexadecane mixture (green) in Figure 59. CO selectivity during low and 
high-pressure diesel CPOX experiments was greater than that of the California 
phase 2 low sulfur diesel and the surrogate diesels. The H2 selectivity during high-
pressure tests follows very closely to the results using the n-decane/n-hexadecane 
mixture. During low-pressure tests, H2 selectivity was greater than all three fuels at 
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matched closely with that of the n-decane/n-hexadecane mixture. Uniquely, H2 
selectivity appeared to increase with C/O ratio during low-pressure experiments.  
The CO selectivity during high-pressure diesel CPOX is significantly greater 
than that reported during the CPOX of the other three fuels. For low-pressure diesel 
CPOX the H2 and CO selectivities are also higher than the three fuels at C/O ratios 
above about 1.2. At a C/O ratio at 1.12 and a GHSV of 29,000 /hr, the CO and H2 
selectivities match closely with the #2 diesel CPOX values that were performed at a 
GHSV 47,200 /hr. The CO selectivity achieved during experiments at C/O of 1.11 and 
GHSV of 31,000 /hr equated to results using the pure n-decane as a diesel surrogate. 
The H2 selectivity for this condition corresponded to the H2 selectivity of the n-
decane/n-hexadecane mixture.53,54 
 
Figure 59: H2 and CO selectivity as a function of C/O ratio for low and high pressure diesel CPOX in 
comparison to CPOX experiments by Krummenacher et al.54 using #2diesel (red) and 
Subramanian et al.53 using n-decane (purple) and 1:1 n-decane/n-hexadecane (green) mixture 
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6.7. Conclusions from flow though reactor experiments 
The results from the flow through reactor tests show comparable CO and H2 
selectivity during natural gas CPOX to that reported in literature using methane as 
fuel at similar conditions. Generally, these results showed higher CO and H2 
selectivity during gasoline and diesel CPOX as compared to surrogate fuels and #2 
diesel. Syngas selectivity appears to be higher at atmospheric pressure tests than at 
high pressure (45-60 psig) during both gasoline and diesel CPOX. However, during 
natural gas CPOX, pressure did not have a significant affect on the syngas 
production. This work also provides an extensive breakdown of the olefins produced 






Chapter 7: Conclusions and Future Work 
7.1. Conclusions 
 
The catalytic shock tube has proved to be a valuable technique for elucidating 
the intrinsic kinetics of the catalytic partial oxidation of methane, and therefore can 
be used for understanding the kinetics of all catalytic reactions. It allows the 
reactions to occur as a step-function in an environment free from transport 
limitations, boundary layers and temperature gradients. Based on the results from 
this work, the CH4 CPOX reaction mechanism proceeds through complete oxidation 
of CH4, producing CO2 and H2O, followed by steam and dry reforming reactions, 
where CO and H2 form. This conclusion puts to rest the ongoing debate in literature 
on the true reaction pathway for CH4 CPOX over platinum catalysts. 
The catalytic shock tube experiments demonstrated that the oxidation state of 
the catalyst as well as the products, reactants and intermediates have a dramatic 
effect on CH4 CPOX over Pt catalysts. This results confirms what has been observed 
in literature and provides an additional explanation for the ongoing debate over the 
reaction mechanism.    
Flow through reactor CPOX experiments using conventional fuels (natural 
gas, gasoline and diesel) were also performed at atmospheric and high pressure over 
a proprietary catalyst by ASC. This work presented comprehensive performance 
data using industrial fuels, where previous experiments in literature utilized less-





provide excellent reference data for additional testing where reaction kinetics can be 






7.2. Future work 
This work provides stepping-stones for the utilization of the catalytic shock 
tube for revealing intrinsic reaction kinetics of heterogeneous reactions. Additional 
experiments can be done to expand on the existing CH4 CPOX work to further 
understand the reaction mechanism. Other important catalytic reactions such as the 
CPOX of conventional fuels can also be investigated using the catalytic shock tube. 
The CPOX of natural gas, gasoline and diesel flow through experiments performed in 
work can then be used as direct comparison.  
7.2.1. CPOX of CH4 
The CH4 CPOX experiments performed in this work provides a good 
foundation to understand the reaction mechanism occurring, however there are 
many questions to still answer.  
• Product gas analysis during catalytic shock tube experiments must be 
done using a GC that is capable of detecting O2, H2O and H2 so that O 
and H balances can be closed. The GC that was being used at UIC for 
this work was equipped with a Thermal Conductivity Detector (TCD), 
which is capable of detecting these products, however it was unable to 
reach operating temperatures due to the method that was developed for 
proper CO2 and CO peak separation. Alleviating this issue will enable 
the determination of what species are remaining adsorbed to the 





• The dependence of CH4 concentration on the reaction rate has not been 
confirmed. To do so, the concentration of O2 should be held constant 
while CH4 concentration is varied in the reactant gas mixture.  
• Experiments should also be performed using powder catalyst of a 
predetermined particle size so that the quantity of catalyst present is 
easily determined for each test. This would also prevent any 
homogeneous reactions from occurring as the powder catalyst occupies 
the entire reaction region. Using powder catalyst is more time 
consuming due to the post-test catalyst collection and shock tube 
cleaning, therefore developing a method for streamlining this would be 
ideal. 
• Holding the temperature and reaction time constant and varying the 
pressure can determine the pressure dependence of the reaction rate. 
The catalytic shock tube is capable of these variable adjustments.  
These experiments would allow for the complete understanding of the CH4 
CPOX reaction kinetics. Additional experiments could be performed to elaborate on 
this understanding. 
• Experiments could be done using a variety of catalysts to determine the 
ideal catalyst formulation for promoting CH4 CPOX as opposed to 
complete oxidation. Also, the effects of catalyst doping (ex. La-doped 





• Flow though CH4 CPOX experiments would provide direct comparison 
for conventional catalytic systems with the catalytic shock tube tests.  
7.2.2. CPOX of conventional fuels 
The CPOX of natural gas, gasoline and diesel using a flow through reactor 
provides good performance data for comparison experiments in literature, however it 
does not provide intrinsic reaction kinetics of those reactions. 
• Catalytic shock tube experiments should be done using natural gas, 
diesel and gasoline to understand the intrinsic kinetics of those 
reactions. The results from these tests could be directly compared to the 
flow through experiments that have been performed in this work.  
• The performance of the proprietary catalyst by ASC versus other 
conventional industrial catalysts could also be quantified using flow 
through and/or catalytic shock tube experiments. 
• Additional chemical analysis could be done during these experiments to 
quantify the liquid or semi-volatile products that are not detected by 
the µ-GC. Both shock tubes at UIC can be heated, therefore during 
shock tube tests the liquid products would remain in the vapor phase 








Appendix A: Gas product measurement  
A.1. Gas chromatography (GC) 
An Agilent 7890A gas chromatograph equipped with flame ionization detector 
(FID) and methanizer was used to analyze the product gas during shock tube 
experiments. The methanizer is crucial for the detection of CO and CO2 using FID as 
it converts the CO and CO2 into CH4 via hydrogenation reactions, which can be 
detected by the FID. A 60 m Plot-Q column was chosen for high resolution of CO, 
CO2 and CH4. The GC also included a thermal conductivity detector (TCD), however 
it did not have an adequate signal and the issues were unable to be resolved through 
troubleshooting with Agilent tech support. Therefore O2, N2 and H2 were not 
detected during the shock tube experiments. The GC method parameters used for 
the shock tube experiments are shown in Table 14. 
Table 14: Method parameters for shock tube experiment analysis by GC. 
Column 60 m Plot-Q 
Column Mode Constant Flow 
Carrier Gas Helium (Research Grade, 6.0) 
Column Flow Rate 2 mL/min 
Inlet Temperature 200°C 
Inlet Mode Splitless 
FID makeup flow rate 20 mL/min 
Initial Temperature and (Time) 45°C (15 min) 
Heating Rate 30°C/min 
Final Temperature and (Time) 250°C (5 min) 
Methanizer Temperature 375°C 
FID Inlet Temperature 320°C 






An Agilent 7890B Gas Chromatograph equipped with a 5977A mass selective 
detector (MSD) was used to analyze a sample of gasoline as a reference fingerprint 
for gasoline CPOX flow through experiments. An HP-5MS column was used and as 
shown by Figure 60 the resolution was not ideal, however the method was not 
refined to optimize resolution. The method parameters are shown in Table 15. No 
additional liquid analysis was performed as determining the chemical makeup of the 
liquid fuels and products was outside of the scope of this work. 
Table 15: Method parameters for gasoline analysis by GC-MS. 
Column HP5-MS 
Column Mode Constant Flow 
Carrier Gas Helium (Research Grade, 6.0) 
Carrier Gas Flow Rate 1 mL/min 
Inlet Temperature 200°C 
Inlet Mode Split 
Split Ratio 10:1 
Initial Temperature and (Time) 30°C (15 min) 
Heating Rate 10°C/min 
Final Temperature and (Time) 240°C (15 min) 
Total Run Time 51 min 
Detector Temperature (quad/source) 180°C/230°C 













A.2. Micro gas chromatography (µ-GC)  
Product gas analysis during flow-through fuel CPOX experiments was 
performed using a 3,4-channel Inficon 3000 Micro gas chromatograph. The µ-GC 
used Molecular Sieve, Plot-U and OV-1 columns. Table 16 shows the conditions and 
applications of each column.  
Table 16: Inficon 3000 Micro GC column specifications. 




Permanent and noble 
gases, argon and oxygen 
separation at 35°C, fast 
CO elution 
C1 to C7 hydrocarbons, 








compounds, flavors, and 
fragrances 
Carrier Gas Argon Helium Helium 
Column 
Temperature 90°C 75°C 60°C 
Column 
Pressure 23 psi 23 psi 23 psi 
 
Appendix B: Catalyzed SCT corrections 
The catalyzed SCT comprised of only a small volume of the reaction region 
meaning that the reactant gases within the surrounding reaction region were able to 
react homogeneously during the proper reaction conditions. We see from the non-
catalytic tests that there is in fact homogeneous reaction occurring at the conditions 
tested during catalytic experiments. Since there is no way to sample only the gases 
produced during catalytic reaction using a catalyzed SCT, the homogeneous products 
must be subtracted from the results obtained during SCT tests to accurately 





The gas products were sampled post-reaction via a sample port at the end-wall 
of the shock tube. A fast-acting valve remained open for 0.5-1 sec to allow the gas 
products to flow into the sampling system leading to the GC (schematic shown in 
Figure 61). Once the pressure within the sample system has equilibrated, the gases 
are injected into the GC. The sample system volume was measured and used along 
with the injection pressure and post-shock pressure in a simple ideal gas calculation 
to find the volume of product gases that were sampled from the reaction region. 
Figure 61 shows the schematic of the sample system and below are the equations 
used for calculating the volume of catalytic product gas for each experiment run. 
 
































Vsample-sys = 7.59 mL  
VSCT = 0.681 mL  
Vdriver = 39.53 L 
Vdriven = 59.21 L 
T1 = 373 K 
Pinj, P1 and P4 were measured for each shock, therefore the product gas 
volume sampled (Vinj) varied depending on these values. The assumptions that were 
made during these calculations were the SCT volume is that of a cylinder and the 
volume of gas sampled is also cylindrical. The ratio of SCT volume to gas sample 
volume (VSCT/Vinj) was used to determine the extent of homogeneous reaction 
products that were sampled. On average the SCT encompassed 57(±7)% of the 
sampled product gases volume meaning that about 43% of the products sampled 
during catalytic tests were from homogeneous reactions. From the baseline tests, the 
homogeneous products were quantified at each reaction condition and subtracted 
from the overall sampled gas products to seclude the catalytic products. The 
equations used to fit the data from the baseline tests are listed below.  
Equal proportion test gas mixture results:  
• [CH4] = [O2] = 1491 ppm, Prxn = 40 psi, trxn = 2.6 ms, Trxn = 1100-1200 K 
𝐶!𝐻! = 2.20𝑥10!!𝑇 − 2.41 
• [CH4] = [O2] = 1491 ppm, Prxn = 27 psi, trxn = 6.0 ms, Trxn = 1050-1175 K 





•  [CH4] = 1410 ppm, [O2] = 1408 ppm, Prxn = 52 psi, trxn = 2.1 ms, Trxn = 
850-1250 K 
𝐶𝑂 = 2.33𝑥10!!𝑇 − 21.5 
𝐶!𝐻! = 1.19𝑥10!!𝑇 − 10.5 
Fuel rich homogeneous results: 
𝐶𝑂! 𝑡 = 2  𝑚𝑠 = 7.14𝑥10!!"𝑇! − 3.51𝑥10!!𝑇! + 6.43𝑥10!!𝑇! − 5.17𝑇 + 1.54𝑥10! 
𝐶𝑂! 𝑡 = 3  𝑚𝑠 = 1.09𝑥10!!𝑇! − 0.283𝑇 + 184 
𝐶𝑂 𝑡 = 2  𝑚𝑠 = 1.05𝑥10!!𝑇! − 4.99𝑥10!!𝑇! + 8.82𝑥10!!𝑇! − 68.7𝑇 + 1.99𝑥10! 
𝐶𝑂 𝑡 = 3  𝑚𝑠 = −7.39𝑥10!!𝑇! + 4.26𝑥10!!𝑇! − 0.913𝑇! + 864𝑇 − 3.05𝑥10! 
𝐶!𝐻! 𝑡 = 2  𝑚𝑠,𝑇 ≥ 1150 = −2.82𝑥10!!!𝑇! + 1.78𝑥10!!𝑇! − 4.46𝑥10!!𝑇! + 0.554𝑇! − 342𝑇 + 8.38𝑥10! 
𝐶!𝐻! 𝑡 = 3  𝑚𝑠 = 6.31𝑥10!!𝑇! − 3.56𝑥10!!𝑇! + 0.750𝑇! − 700𝑇 + 2.44𝑥10! 
𝐶!𝐻! 𝑡 = 2  𝑚𝑠,𝑇 ≥ 1300 = −1.06𝑥10!!"𝑇! + 6.73𝑥10!!𝑇! − 1.70𝑥10!!𝑇! + 2.12𝑇! − 1.32𝑥10!𝑇 + 3.23𝑥10! 
𝐶!𝐻! 𝑡 = 3  𝑚𝑠,𝑇 ≥ 1300 = −1.57𝑥10!!𝑇! + 6.44𝑥10!!𝑇! − 87.6𝑇 + 3.95𝑥10! 
𝐶!𝐻! 𝑡 = 2  𝑚𝑠,𝑇 ≥ 1450 = 2.72𝑥10!!𝑇! − 1.31𝑥10!!𝑇! + 0.234𝑇! − 184𝑇 + 5.40𝑥10! 
𝐶!𝐻! 𝑡 = 3  𝑚𝑠,𝑇 ≥ 1300 = −2.92𝑥10!!𝑇! + 1.66𝑥10!!𝑇! − 3.51𝑇! + 3.30𝑥10!𝑇 − 1.15𝑥10! 
The data fits are shown below in Figure 62 and Figure 63 along with the 






Figure 62: Homogeneous products measured during equal proportion test gas mixture experiments 




















Fit	  (6ms)	   y	  =	  0.0233x	  -­‐	  21.534	  



















Homogeneous	  1:1	  experiments:	  








Figure 63: Homogeneous products during fuel-rich experiments along with the fits used for 


































































































An example calculation determining the catalytic products from the raw data 
measured during SCT experiments is shown below to demonstrate how the 
aforementioned equations were used. The production of CO during 3.2 ms reaction 
time fuel-rich SCT experiments is shown below in Table 17 as [CO]raw. The 
homogeneous production of CO (“[CO]homo (fit)”) at the same reaction temperatures 
was found using the following data fit. 
𝐶𝑂 = −7.39𝑥10!!𝑇! + 4.26𝑥10!!𝑇! − 0.913𝑇! + 864𝑇 − 3.05𝑥10! 
The percentage of sample volume made up of SCT product gases (“SCT Vol %”) 
was calculated using the measured values of Pinj, P1 and P4 for each shock. The 
amount of homogeneous CO that was sampled during the SCT tests (“[CO]homo 
(samp)”) was calculated using the following equation. 
𝐶𝑂 !!"! 𝑠𝑎𝑚𝑝 = 𝐶𝑂 !!"! 𝑓𝑖𝑡 ∗ (1− 𝑆𝐶𝑇  𝑉𝑜𝑙  %) 
This amount of CO was subtracted from the raw CO measured and then 
corrected for the new product gas volume (excluding the homogeneous reaction 
volume sampled). The results from these calculations are outlined in Table 17 and 
shown in Figure 64.  
Table 17: Raw CO production measured during fuel-rich SCT experiments at 3 ms reaction times 
along with the variables used to calculate the CO production due to catalytic reaction during 
these tests and the calculated catalytic CO.  
T	  (K)	   [CO]raw	   [CO]homo	  (fit)	   SCT	  Vol	  %	   [CO]homo	  (samp)	   [CO]cat	  
1310	   0.00	   4.19	   59%	   1.73	   -­‐2.74	  
1350	   0.32	   2.43	   61%	   0.95	   -­‐1.02	  
1378	   2.87	   6.33	   62%	   2.38	   0.79	  
1425	   7.02	   31.14	   63%	   11.38	   -­‐7.13	  
1430	   32.92	   35.27	   55%	   15.93	   26.29	  





1522	   77.33	   169.20	   66%	   57.48	   32.95	  
1551	   114.69	   229.32	   67%	   74.81	   66.75	  
1578	   157.83	   284.87	   68%	   92.17	   110.07	  
 
 
Figure 64: Raw CO production during fuel-rich SCT experiments (trxn = 3 ms) along with the 
homogeneous data fit used to determine the CO produced exclusively due to catalytic reaction.  
As shown in the table the calculated catalytic CO production reached negative 
values during the lower temperature experiments (T ≤ 1425 K), which concludes that 
the raw CO measured was entirely due to homogeneous reaction at these conditions. 
However, this also shows that these calculations are not free from error. The error 
within these calculations is most likely coming from the assumptions made when 
performing these calculations and the subtle variations between the data fits and the 
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  experiments	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Appendix C: GRI Mech for Kinetcus simulations 
GRI-Mech is a database comprised of elementary rate laws that can be used to 
model combustion reactions. The mechanism shown below was used to perform 
Kintecus simulations for comparison with the non-catalytic shock tube experiments. 




Reaction A (cm3/mol s) β Ea (cal/mol) 
O + O + M -> O2 + M  1.20E+17 -1 
 O + HO2 -> OH + O2  2.00E+13 
  O + CH -> H + CO  5.70E+13 
  O + CH2 -> H + HCO  8.00E+13 
  O + CH3 -> H + CH2O 5.06E+13 
  O + CH4 -> OH + CH3  1.02E+09 1.5 8600 
O + C2H -> CH + CO  5.00E+13 
  O + C2H2 -> CO + CH2  6.94E+06 2 1900 
O + C2H4 -> CH3 + HCO  1.25E+07 1.8 220 
O + C2H5 -> CH3 + CH2O  2.24E+13 
  O + CH2CO -> CH2 + CO2  1.75E+12 
 
1350 
O2 + CO -> O + CO2  2.50E+12 
 
47800 
O2 + CH2O -> HO2 + HCO  1.00E+14 
 
40000 
H + O2 + M -> HO2 + M  2.80E+18 -0.9 
 H + O2 + O2 -> HO2 + O2  2.08E+19 -1.2 
 H + O2 + H2O -> HO2 + H2O  1.13E+19 -0.8 
 H + O2 + N2 -> HO2 + N2  2.60E+19 -1.2 
 H + O2 + AR -> HO2 + AR  7.00E+17 -0.8 
 H + O2 -> O + OH  2.65E+16 -0.7 17041 
H + HO2 -> O2 + H2  4.48E+13 
 
1068 
H + CH -> C + H2  1.65E+14 
  H + CH2 (+M) -> CH3 (+M) pressure dependent  
H + CH2(S) -> CH + H2  3.00E+13 
  H + CH3 (+M) -> CH4 (+M)  pressure dependent  
H + CH4 -> CH3 + H2  6.60E+08 1.6 10840 
H + CH2OH -> OH + CH3  1.65E+11 0.7 -284 
H + CH3O -> OH + CH3  1.50E+12 0.5 -110 
H + CH2CO -> CH3 + CO 1.13E+13 
 
3428 
OH + HO2 -> O2 + H2O  1.45E+13 
 
-500 






OH + CH2 -> H + CH2O  2.00E+13 
  OH + CH2 -> CH + H2O  1.13E+07 2 3000 
OH + CH3 (+M) -> CH3OH (+M) pressure dependent   
OH + CH3 -> CH2 + H2O  5.60E+07 1.6 5420 
OH + CH3 -> CH2(S) + H2O  6.44E+17 -1.3 1417 
OH + CH4 -> CH3 + H2O  1.00E+08 1.6 3120 
OH + C2H2 -> CH3 + CO  4.83E-04 4 -2000 
HO2 + HO2 -> O2 + H2O2  1.30E+11 
 
-1630 
HO2 + HO2 -> O2 + H2O2  4.20E+14 
 
12000 
HO2 + CH2 -> OH + CH2O  2.00E+13 
  HO2 + CH3 -> O2 + CH4  1.00E+12 
  HO2 + CH3 -> OH + CH3O  3.78E+13 
  C + O2 -> O + CO  5.80E+13 
 
576 
C + CH2 -> H + C2H  5.00E+13 
  C + CH3 -> H + C2H2  5.00E+13 
  CH + O2 -> O + HCO  6.71E+13 
  CH + H2 -> H + CH2  1.08E+14 
 
3110 
CH + H2O -> H + CH2O  5.71E+12 
 
-755 
CH + CH2 -> H + C2H2  4.00E+13 
  CH + CH3 -> H + C2H3  3.00E+13 
  CH + CH4 -> H + C2H4  6.00E+13 
  CH + CO (+M) -> HCCO (+M) pressure dependent   
CH + CO2 -> HCO + CO  1.90E+14 
 
15792 
CH + CH2O -> H + CH2CO  9.46E+13 
 
-515 
CH + HCCO -> CO + C2H2  5.00E+13 
  CH2 + O2 -> OH + H + CO  5.00E+12 
 
1500 
CH2 + H2 -> H + CH3  5.00E+05 2 7230 
CH2 + CH2 -> H2 + C2H2  1.60E+15 
 
11944 
CH2 + CH3 -> H + C2H4  4.00E+13 
  CH2 + CH4 -> CH3 + CH3  2.46E+06 2 8270 
CH2 + CO (+M) -> CH2CO (+M) pressure dependent   
CH2 + HCCO -> C2H3 + CO  3.00E+13 
  CH2(S) + N2 -> CH2 + N2  1.50E+13 
 
600 
CH2(S) + AR -> CH2 + AR  9.00E+12 
 
600 
CH2(S) + O2 -> H + OH + CO  2.80E+13 
  CH2(S) + O2 -> CO + H2O  1.20E+13 
  CH2(S) + H2 -> CH3 + H  7.00E+13 
  CH2(S) + H2O -> CH2 + H2O  3.00E+13 
  CH2(S) + CH3 -> H + C2H4  1.20E+13 
 
-570 
CH2(S) + CH4 -> CH3 + CH3  1.60E+13 
 
-570 
CH2(S) + CO -> CH2 + CO  9.00E+12 
  CH2(S) + CO2 -> CH2 + CO2  7.00E+12 
  CH2(S) + C2H6 -> CH3 + C2H5  4.00E+13 
 
-550 
CH3 + O2 -> O + CH3O  3.56E+13 
 
30480 







CH3 + H2O2 -> HO2 + CH4  2.45E+04 2.5 5180 
CH3 + CH3 (+M) -> C2H6 (+M) pressure dependent  
CH3 + CH3 -> H + C2H5  6.84E+12 0.1 10600 
CH3 + HCO -> CH4 + CO  2.65E+13 
  CH3 + CH2O -> HCO + CH4  3.32E+03 2.8 5860 
CH3 + CH3OH -> CH2OH + CH4 3.00E+07 1.5 9940 
CH3 + CH3OH -> CH3O + CH4  1.00E+07 1.5 9940 
CH3 + C2H4 -> C2H3 + CH4  2.27E+05 2 9200 
CH3 + C2H6 -> C2H5 + CH4  6.14E+06 1.7 10450 
HCO + O2 -> HO2 + CO  1.35E+13 
 
400 
CH2OH + O2 -> HO2 + CH2O  1.80E+13 
 
900 
CH3O + O2 -> HO2 + CH2O  4.28E-13 7.6 -3530 
C2H + O2 -> HCO + CO  1.00E+13 
 
-755 
C2H3 + O2 -> HCO + CH2O  4.58E+16 -1.4 1015 
C2H5 + O2 -> HO2 + C2H4  8.40E+11 
 
3875 
HCCO + O2 -> OH + CO + CO  3.20E+12 
 
854 
O + CH3 -> H + H2 + CO  3.37E+13 
  OH + HO2 -> O2 + H2O  5.00E+15 
 
17330 
OH + CH3 -> H2 + CH2O  8.00E+09 0.5 -1755 
CH + H2 (+M) -> CH3 (+M) pressure dependent  
CH2 + O2 -> H + H + CO2  5.80E+12 
 
1500 
CH2 + O2 -> O + CH2O  2.40E+12 
 
1500 
CH2 + CH2 -> H + H + C2H2  2.00E+14 
 
10989 
C2H3 + O2 -> O + CH2CHO  3.03E+11 0.3 11 
C2H3 + O2 -> HO2 + C2H2  1.34E+06 1.6 -384 
O + CH3CHO -> OH + CH3 + CO  2.92E+12 
 
1808 
O2 + CH3CHO -> HO2 + CH3 + CO  3.01E+13 
 
39150 
H + CH3CHO -> CH3 + H2 + CO  2.05E+09 1.2 2405 
OH + CH3CHO -> CH3 + H2O + CO  2.34E+10 0.7 -1113 
HO2 + CH3CHO -> CH3 + H2O2 + CO     3.01E+12 
 
11923 
CH3 + CH3CHO -> CH3 + CH4 + CO  2.72E+06 1.8 5920 
O + CH2CHO -> H + CH2 + CO2  1.50E+14 
  O2 + CH2CHO -> OH + CO + CH2O  1.81E+10 
  O2 + CH2CHO -> OH + HCO + HCO  2.35E+10 
  H + CH2CHO -> CH3 + HCO  2.20E+13 
  CH3 + C2H5 (+M) -> C3H8 (+M) pressure dependent  
CH3 + C3H8 -> C3H7 + CH4  9.03E-01 3.6 7154 
CH3 + C2H4 (+M) -> C3H7 (+M) pressure dependent   
H + C3H7 -> CH3 + C2H5  4.06E+06 2.2 890 
HO2 + C3H7 -> O2 + C3H8  2.55E+10 0.3 -943 
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